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In this thesis, pH and thermo-responsive microgels, poly-(N-
isopropylacrylamide)-co-acrylic acid) (pNIPAm-co-AAc), are utilized as a building block 
for colloid crystals. The pH responsivity allows us to tune the effective interaction 
between particles and to explore the phase behavior of such microgel dispersions under 
different conditions.  Chapter 1 presents brief introduction for colloidal crystals, their 
interactions and phase behaviors. Also, responsive microgels are introduced as a new 
building block to prepare colloidal crystals. Chapter 2 describes the particle concentration 
effect on the phase diagram of pNIPAm-co-AAc microgel assemblies. In chapter 3, the 
shift factors of pNIPAm-co-AAc microgel dispersions at different pHs are determined. 
These shift factors allow one to calculate the effective volume fraction of each sample. In 
chapter 4, the effect of attractive interaction on the phase behavior of pNIPAm-co-AAc 
dispersions is discussed. The attractive interaction is achieved by changing the pH of 
dispersions close to the pKa of microgel. The phase diagram is obtained and further 
quantative analyses are performed at pH << pKa and at pH close to the pKa. Chapter 5 
details the phase evolution of pNIPAm-co-AAc microgel dispersions in the presence of 
weak cooperative interactions. More quantative analysis is utilized to see the evolution 
and this evolution helps to understand the energetics of the system. Finally, the last 
chapter explores the phase behavior of pNIPAm-co-AAc microgels redispersed in pH >> 
pKa. At pH >> pKa, microgels are charged and the effective interaction between particles 
are different from the previous chapters. 
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The intention of this chapter is to introduce colloidal dispersions, the interaction 
potentials that govern different colloidal dispersions, colloidal phase behavior, colloidal 
crystallization kinetics and finally responsive hydrogel microparticles (microgels) as a 
new building block for colloidal crystals. These materials will be introduced and the 
relevant literature will be discussed. The chapter will conclude with a brief discussion of 
the intended application of responsive microgels for this research project. 
 
1.1 Colloidal Dispersions 
Colloidal dispersions are composed of mesoscopic solutes (the dispersed phase), 
i.e. species with sizes 1 nm ~ 1 µm, dispersed into a solvent whose molecules are much 
smaller in size (so called dispersion medium, typically of atomic or molecular 
dimensions).1 Here the mesoscopic solutes can be spheres, ellipsoidal particles, rods or 
plates, but this thesis will only cover spherical particles for convenience. Depending on 
the dispersed phases and dispersion media, the type of colloidal dispersions can be 
varied. In addition to solutes and dispersion medium, colloidal dispersions may contain 
other, smaller species such as short polymeric chains, ions dissociated from salts, etc. 
Colloidal dispersions have been used in foods,2 paints,3 coatings,4, 5 papers,6 
cosmetics,7 and pharmaceutics8-10 for a long time. It was not until relatively recently that 
colloidal dispersions have been studied extensively for their fundamental properties as 
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well as applications. The following section will cover crystalline colloidal arrays and 
their applications.  
 
1.2 Colloidal Crystals and Their Applications 
Colloidal crystals are ordered arrays of colloidal particles. Colloidal crystals can 
be prepared artificially, but they also occur naturally. The example of the naturally 
formed colloidal crystal is the precious gem opal, which is formed by sedimentation of 
silicate particles.11-13 The process of colloidal crystallization has been intensively studied, 
leading to the development of several methods to prepare high quality crystals. These 
techniques include slow sedimentation,14-16 centrifugation,17-19 controlled drying 
method,20-22 colloidal epitaxy,23, 24 depletion-induced crystallization,25, 26 physical 
confinement27, 28 and electrophoretic deposition.29, 30
The periodicity of the assembly makes Bragg diffractions appear in the visible 
part of the spectrum as a beautiful iridescence, which can be described by Bragg’s law. 
  
 θλ sin2ndm =        (1-1) 
 
where λ is the Bragg wavelength, m is the diffraction order, d is the interlayer 
spacing, θ is the diffraction angle and n is the composite refractive index. Here, the color 
i.e. the wavelength of diffracted light of the colloidal crystals can be systematically 
changed by varying interlayer spacing. The interlayer spacing can be tuned by changing 
the size of particles21 or changing the edge to edge particle spacing.31-33
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These assemblies have found potential applications in a wide range of areas, 
including sensors,34, 35 optical filters,36 switches,33, 37 and photonic crystals. Here, the 
photonic crystal applications will be reviewed briefly. A photonic crystal is a periodic 
structure fabricated from materials having different dielectric constants. Light traveling 
through such crystals experiences a periodic variation of the refractive index, analogous 
to the periodic potential energy of an electron in atomic crystals. Since the concept of 
photonic crystals was proposed independently by John36 and Yablonovitch,38 huge effort 
has been devoted to develop materials and structures that could support and expand their 
initial hypotheses.39-44 Colloidal crystals created via self-assembly offer an alternative 
route to fabricating periodical dielectric materials rather than lithographic methods.45  
 
1.3 Interaction Potentials and the Phase Diagrams of Colloidal Particles 
Due to relatively slow diffusion and a large enough length scale to be seen under 
an optical microscope, colloidal dispersions are good model systems for the study of 
fundamental problems of condensed matter physics such as crystal nucleation, phase 
behavior, and interaction potentials. On top of this experimental accessibility, the 
magnitude and length scales of the interparticle potential can be varied systematically. 
This tunability makes colloidal dispersions an excellent model system for investigating 
phase behavior of colloidal dispersions. Also recent developments in digital image 
processing combined with video microscopy46-50 provide excellent tools for studying 
colloidal dispersions. Confocal laser scanning microscopy (CLSM) is specially useful as 
it enables to study the structure and dynamics of colloidal particles on a single particle 
level in three-dimensional (3D) real space.23, 51-55
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Numerous experimental and theoretical studies have explored the interaction 
potential56-58 and phase behavior59-61 of colloidal dispersions. In this section, the 
interparticle potential that governs the phase behavior will be reviewed. 
 
1.3.1 Hard Sphere and Soft Sphere Systems 
In a hard sphere system, two particles do not interact with each other until they 
are in contact. Since they are incompressible like two billiard balls, when they approach 














       (1-2) 
 
where UHS(r) is hard sphere interparticle potential, d is diameter, and r is interparticle 
distance.  
Since the attractive interaction between spheres is negligible, enthalpy does not 
play a role in determining the phase behavior of colloidal dispersions. As a result, the 
crystallization is driven by entropy and occurs at a concentration where the decrease in 
the global (or configurational) entropy of the system is more than offset by the increase in 
the local (or free-volume) entropy. Theoretical as well as experimental results reveal that 
the face-centered cubic (fcc) structure is the lowest free energy configuration for colloids 
with repulsive electrostatic,62, 63 hard sphere,15, 51 and attractive van der Waals 
potentials.64, 65 Also, it is known that fcc structure has a maximum particle fill fraction of 
74%.66  
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In many experiments, polymer latex particles are used as hard sphere-like 
particles. Usually, colloidal stability in the solution is a problem, i.e. without stabilization 
colloidal particles tend to aggregate due to van der Waals attractive force. To achieve the 
hard sphere limit, most research groups 1) match the refractive indices (or dielectric 
constant) of the sphere and the solvent so that van der Waals attraction between the 
spheres are almost the same as those between a sphere and the solvent,53 2) graft polymer 
chains to the sphere to suppress the effect of van der Waals interaction (steric 
stabilized).59, 67  
Sterically stabilized polymethylmethacrylate (PMMA) spheres behave as hard 
sphere-like polymer latex particles. Interaction potential studies showed that PMMA 
reveal model hard sphere behavior i.e. short ranged steric repulsion between two 
particles.59 And phase behavior studies show that hard sphere-like colloidal particle 
dispersions undergo disorder to order transition with increasing particle concentrations,16, 
59, 68 the volume fraction (φ) where freezing and melting occur is near that predicted via 
computer simulations for theoretically hard spheres.66 Fig. 1.3-1 illustrates the phase 
diagram of hard spheres. Here, the particle dispersion below φ of 0.494 shows a 
disordered fluid phase, where particle positions are not correlated over long distances. In 
the region between φ of 0.494 and 0.545, liquid-solid coexistence is observed. Above 
0.545 volume fraction, dispersions are solid phase where particle motion and position are 
highly correlated over long distances. Under these conditions, the particles tend to enter a 
kinetically trapped glassy phase with increasing particle concentration.52, 69-73 A number 
of theoretical calculations and experimental measurements have been done to predict the 




Figure  1.3-1 Equilibrium hard-sphere phase diagram. F: fluid, F/C: coexistence of fluid 
and crystal, C: crystal, and G: glassy phase. 
 
Unlike the hard sphere interactions of stabilized latexes (such as PS, PMMA, and 
silica), star polymers,75-82 polyelectrolyte stars,83-86 ionic gels87, 88 and cross-linked 
particles dispersed in good solvent89 provide a different system that can be  used to 
examine the effects of interparticle interactions and phase behavior of spheres due to their 
softness i.e. particles are interpenetrable and deformable. This softness is due to steric 
and/or compressive forces related to dangling chains on the particle surface and change 
interaction potential i.e. the slope of the repulsive interaction is less steep. Because 
particle deformation and deswelling can lead to high particle concentration, it is possible 
to have effective volume fractions greater than 0.74.90, 91 One interesting feature of the 
phase behavior of soft spheres is that depending on the particle softness and density a 
wider variety of phases such as body-centered orthogonal (bco), and diamond crystals 
were theoretically predicted.79  
 
1.3.2 Lennard-Jones Potential 
When a spontaneously forming electric dipole on one molecule induces on a 
neighboring molecule another dipole which tends to align itself with the former, there 
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exists an attractive force between the particles namely the van der Waals interaction (so 
called dispersion force). For neutral particles, the effective interaction is determined in 
equilibrium by means of an attracting van der Waals force and a repelling force due to 
impenetrable nature. The total interparticle potential is obtained by summing the 
attractive and repulsive potentials. The potential resulting from these attractive and 
repulsive interactions is called the Lennard-Jones potential (LJ potential or ‘6-12’ 





























4)( ε     (1-3) 
 
Here, r is the interparticle distance, dc is the hard sphere diameter of a particle and 
εLJ  is the depth of the attractive well which is scaled by kBT. The term 1/r12, dominating 
at short distance, models the repulsion between particles when they are brought very 
close to each other. The term 1/r6, dominating at longer distance, constitute the attractive 
part. A 1/r6 attraction originates from van der Waals dispersion forces, which are due to 
dipole-dipole interactions. Due to the simplicity, many groups use LJ potential for model 
interaction to predict structure and phase of colloidal dispersions.92  
 
1.3.3 Yukawa Potential 
In suspension, charged colloids are surrounded by a cloud of counter-ions. This 
counter-ion double layer screens the pure Coulomb interaction between the colloids. The 
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hard-core Yukawa potential (screened-Coulombic repulsion) is a standard model to 
describe this electrostatic repulsions between charged particles in suspension.  
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     (1-5) 
 
Here, d is hard-core diameter, βε is the potential in units of kBT, e is the electronic 
charge, zi is the charge on the particle, ε is the dielectric constant of the medium, and κ-1 
is the Debye-Hückel screening length. 
In charge stabilized dispersions, the magnitude of the interparticle potential and 
the range of repulsive interaction can be tuned by varying salt (electrolyte) concentration, 
volume fraction, the charge on the particle, etc.53, 93, 94 The easy tunability of the 
interparticle potential makes charged colloidal dispersions an excellent model system for 
studies of phase transition and ordering phenomenon. For example, at low ionic strength, 
the repulsion is long ranged, producing crystalline phase at volume fraction as low as 0.1 
%.1 Increasing ionic strength yields short ranged repulsive interaction, the attractive 
component of the potential being negligible. This results in an increase in the freezing 
point volume fraction to near that for ideal hard spheres.95 There are some interesting 
reports observed in charged spheres such as reentrance of phases, exotic phases etc. 
Under suitable circumstances a reentrant such as bcc → fcc → bcc transition was 
predicted as salt was added.95 According to a theoretical calculation, the phase diagram of 
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charged colloids exhibits exotic phases such as body-centered-orthorhombic (bco), body-
centered-tetragonal (bct) in addition to the more common face-centered-cubic (fcc).96  
 
1.3.4 DLVO Theory 
It is known that the van der Waals attraction of microscopic dipoles scales as –r-6. 





































   (1-6) 
 
Here AH is the Hamaker constant, r is center-to-center distance and a is the 
particle radius. The Hamaker constant can be expressed as;  
 















     (1-7) 
 
where h is Plank’s constant, ν is a characteristic frequency and n1, n2 are the 
optical refractive indices of the colloids and the solvent, respectively. This van der Waals 
force leads to irreversible aggregation of unprotected particles and it is desirable to 
suppress its magnitude. Common mechanisms for reducing the effect of van der Waals 
attraction are steric stabilization and charge stabilization as mentioned earlier. 
The standard theory of interaction between charged colloidal particles is 
explained by Deryagin-Landau-Verwey-Overbeek (DLVO) theory. The DLVO potential 
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includes (i) steric repulsion due to finite diameter of the colloidal spheres (ii) screened 
Coulombic repulsion (or Yukawa repulsion) with the screening length given by Debye-
Hückel screening length and (iii) short-range (a few nm typically) van der Waals 
attraction.97  
 
( ) ( ) ( ) ( )rrrr UUUU vdWYHSDLVO ++=     (1-8) 
 
The relative strengths of these contributions can be varied by changing the 
solvent, salt concentration, or temperature. For example, adding salt to a dispersion 
decreases Debye-Hückel screening length, hence the van der Waals attraction becomes 
relatively more pronounced causing reversible vapor-liquid coexistence or irreversible 
flocculation if salt concentration is high enough.98 Conversely, decreasing the salt 
concentration makes the screened-Coulombic repulsion larger, thereby stabilizing the 
suspensions by masking the van der Waals attractions. This describes well a first-order 
fluid-to-crystal transition upon increasing the colloidal density and the existence of 
colloidal crystals at low effective volume fraction.1
In many studies, the DLVO formulation avoids complexity originated from the 
solvent and ions. Despite the simplified approximations, the DLVO theory has been 
successful in explaining some experimental data as the model for colloidal electrostatic 
interactions.57, 99, 100 However some extremely low salt concentration dispersions do not 
behave as DLVO theory predicts; for example large stable voids in colloidal fluid,101, 102 
anomalously small lattice constants in colloidal crystals103, 104 and unusual fluid/crystal 
coexistence have been observed.55, 56, 105-108 To explain the long-range interaction between 
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charge-stabilized colloidal suspensions, Sogami-Ise introduced long-range pairwise 
attractions mediated by counterion distributions.109, 110 However, very recent direct 
interaction measurements show that the Sogami-Ise theory does not correctly describe the 
interactions between unconfined pairs of particles.99 The existence and behavior of 
superheated colloidal crystals suggest that many-body effects may contribute an attractive 
component to the pairwise interactions between charged particles.56, 111  
 
1.3.5 Colloidal Dispersions with Other Interactions  
When free non-adsorbing short polymer chains (or small particles) are introduced 
into colloidal particle dispersions, a short-ranged attractive interaction known as 
depletion force is generated. The physical origin of this interaction in polymer/large 
colloid mixture or small colloid/large colloid mixture is due to osmotic depletion effect. 
When two large particles approach each other, polymer chains (or small particles) are 
expelled out from the region in between two large particles. The osmotic pressure due to 
small spheres in the depletion region is lower than that in the outer regions. This 
imbalance of the osmotic pressure results in an effective attractive interaction between 
the large particles. This eventually leads to an entropically driven phase separation. As a 
result of the attractive interaction between large particles, the large particles form glassy 
or crystalline phases.112-114 A similar mechanism explains the attraction of large spheres 
towards a wall or steps.115, 116
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1.4 Kinetics of Crystallization 
The kinetics of crystallization of colloidal dispersions has been the subject of 
study due to the ability of the dispersions to mimic molecular crystallization, and due to 
the relatively easy experimental accessibility for their size and slow diffusion. The 
models based on classical nucleation theory have been employed to analyze nucleation 
kinetic data. In the case of dispersions of particles with long-ranged screened Coulombic 
interactions, the crystal size in found to increase linearly with time,117 whereas, for the 
particles with hard-sphere-like interactions, the size of the crystals increases with the 
square root in time.118 These and other studies have enhanced understanding of 
crystallization kinetics.15, 119, 120 However, since steady state nucleation rate was generally 
assumed in these works, comparisons between experimental results and model 
calculation showed discrepancies that cannot be attributed to approximation in theory or 
uncertainties in experiments.118, 121
Model calculations by the Zukoski group suggest that nucleation rate, crystal 
growth velocity and induction time are affected by the decrease in the background 
monomer volume fraction as crystallization progresses.122 Also, it is observed that above 
the melting point volume fraction, crystal growth appears to be suppressed by high 
nucleation rate.123, 124 These studies explained the crystallization mechanisms of hard 
sphere colloidal particles that can help to understand crystallization of soft spheres. 
  
1.5 Microgel Particles as a New Building Block of Colloidal Self-Assemblies 
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1.5.1 Responsive Microgels 
Hydrogels are water-swollen cross-linked polymer network where majority of 
volume is occupied by water. Hydrogels can undergo solvation changes in response to the 
application of an external stimulus, such as temperature,125-127 ionic strength,128, 129 pH,126, 
130, 131 metal ions132 etc. Most intensively studied microgels are based on 
thermoresponsive poly(N-isopropylacrylamide) (pNIPAm) or related co-polymers that 
are cross-linked.133 The structures of the NIPAm, cross-linking agent (BIS), and co-
polymer (AAc) are shown in Fig. 1.5-1. Below its characteristic lower critical solution 
temperature (LCST) which is ~ 31 °C for pNIPAm, pNIPAm hydrogel exists in a 
solvated state (or swollen state). In its swollen state, water molecules inside of the 
hydrogel form hydrogen bonding with amide groups in the polymer network. Also, other 
water molecules inside the polymer network tend to form structured clusters (structured 
water) to minimize the energy. As the hydrogel is heated, the hydrogen bonding between 
water and nitrogen on amide groups gets weaker. When the hydrogel is heated above 
LCST, the hydrogen bonding between water and amide groups breaks and water 
molecules are expelled resulting in collapses of polymer chains. This macromolecular 
shrinkage of pNIPAm also released a large amount of structured water resulting in an 
increase in entropy. This transition is usually referred to as the volume phase transition 
(VPT), where the hydrogel undergoes a transition from a swollen to a de-swollen 




Figure  1.5-1 Chemical structures of N-isopropylacrylamide (NIPAm), N,N’-methylene 
(bisacrylamide) (BIS), and acrylic acid (AAc), monomers frequently used to form 
responsive hydrogels. 
 
To tune the LCST and other properties, a variety of co-polymers such as acrylic 
acid, dimethylaminoethylmethacrylate, allylamine, vinyl laurate etc are used.135-143 In this 
thesis, acrylic acid will be mainly discussed and used as co-monomer to prepared poly(N-
isopropylacrylamide-co-acrylic acid) (pNIPAm-co-AAc). Acrylic acid possesses an 
ionizable carboxylic acid group with a pKa of ~4.5. Below the pKa, the moiety is 
protonated and has little to no effect on the volume phase transition temperature. Above 
the pKa, the moiety is deprotonated and exerts an effect on the hydrogel via the 
hydrophilic nature of the anion, Coulombic repulsion and osmotic swelling due to 
counterion influx (Donnan potential).144, 145 As a result, first the microgels above pKa 
uptake more water resulting in larger hydrodynamic radius. Secondly, the   Coulombic 
repulsion in the polymer network resists the shrinking so that the volume phase transition 
temperature is shifter toward higher temperature than ~ 31 °C. Figure1-3 displays volume 
phase transition behaviors of pNIPAm-co-AAc microgels dispersed in different pH buffer 
solutions. At pH 3.5, most acrylic acid groups in the polymer network are protonated, i.e. 
microgel is relatively neutral. As a result, the microgel dispersed in 15 mM pH 3.5 buffer 
aqueous solution undergoes phase transition at ~ 31 °C as observed in pNIPAm 
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microgels. At pH 6.5, however, since ~99 % acrylic acid groups in the microgel are 
protonated, the Rh of microgel is larger and the volume phase transition temperature is 




Figure  1.5-2 A volume phase transition behavior from pNIPAm-co-AAc microgels. As 
the temperature is increased the microgels undergo a deswelling transition, going from 
solvent swollen to deswollen at pH 3.5 (blue squares) and pH 6.5 (red circles). 
 
 
1.5.2 Preparation and Characterization of Microgels 
The microgels described in this work were synthesized by precipitation 
polymerization resulting in relatively mono-disperse spheres.146, 147 Using this method, 
the resultant particle size can be continuously varied from ~50-nm to 1-µm diameter by 
controlling the surfactant and initiator concentrations while maintaining low 
polydispersities. The size and size distribution of the microgel particles are determined by 
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photon correlation spectroscopy (PCS also known as dynamic light scattering, DLS) and 
static light scattering (SLS). DLS is a tool for studying the time dependence of light 
scattering, while with SLS, the average intensity in examined. DLS monitors the 
fluctuations in the scattered light intensity as a function of a time and this intensity 
fluctuation vs. time is plotted as an autocorrelation function. The diffusion coefficient can 




TkR Bh πη6=         (1-9) 
 
Here, kB is Boltzmann’s constant, T is the absolute temperature, η is the solvent 
viscosity and D is the diffusion coefficient.  
 
1.5.3 Responsive Microgels : New Building Block for Colloidal Crystals. 
Responsive microgels have gained great interest as model colloidal particles for 
investigating soft sphere phase behavior, since pNIPAm-based microgels have several 
excellent characteristics to utilize for colloidal crystals. First, since majority of volume is 
water, the density of microgels are similar to dispersion medium, water, sedimentation 
does not play a significant role in crystallization. Secondly, in the swollen state, since the 
refractive index of pNIPAm-based microgel is close to water, the contribution from van 
der Waals attraction is negligible. Thirdly, the thermoresponsive property of pNIPAm-
based microgels makes the crystals processible by simply heating and cooling. Finally, 
since the softness and/or chemical properties of microgels can be easily modified by 
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simply varying cross-linker concentration149 or introducing co-monomers as mentioned 
earlier, the interaction potential between colloidal particles can be tuned. 
The assembly of colloidal crystals from pNIPAm microgels has been reported 
previously by our group90, 91, 146 and others. A number of groups have investigated the 
rheological properties,149-151 phase behavior,151-155 optical properties90, 146, 156 and 
crystallization kinetices157 of pNIPAm microgel dispersions.  
In this thesis, very complex phase behaviors of microgel dispersions will be 
investigated. We utilize pNIPAm-co-AAc microgels as a building block for soft sphere 
colloidal self-assemblies. The microgels utilized for this research have the source for 
weak attractive interactions158, 159 as well as soft repulsive interactions150. Since microgels 
are dispersed in good solvent, water, they can be deformed i.e. showing soft sphere 
interactions. Incorporating the co-monomer, acrylic acid (AAc), can introduce to the 
pNIPAm microgels the source of attractive interactions and this interaction can be tuned 
by changing pH. The rest of the thesis is organized as follows: In chapter 2, we present 
the effective volume fraction effect on packing pNIPAm-co-AAc microgel dispersions. 
The shift factors of pNIPAm-co-AAc microgel dispersions are determined by rheology 
experiments in chapter 3. Here, we chose three different pHs, pH 3.0, 3.85 and 6.5 to see 
the phase behavior of fully protonated, partially protonated and fully deprotonated 
conditions respectively. The phase diagrams depending on pHs of the dispersions are 
discussed in chapter 4. In chapter 5, we investigate the phase evolution of microgel 
dispersions to understand the energetics of pNIPAm-co-AAc microgel dispersions. 
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Influence of Particle Volume Fraction on Packing in Responsive 




Predictions that omnidirectional bandgap1, 2 should be observable in opal-inspired 
materials have stimulated investigations into the materials science and optical physics of 
self-assembled photonic materials.3-7 The building blocks for such materials are often 
spherical colloidal particles, which (as in natural opals)8-10 assemble into diffractive cubic 
close packed structures and hence are excellent templates for the synthesis of slightly 
more advanced diffractive periodic dielectric structures such as inverse opals.5, 11, 12 
However, before this relatively recent interest in opaline photonic structures, dispersions 
and suspensions of spherical colloidal particles had been studied extensively as models 
for condensed matter phase behavior.13-15  
Due to their simple interaction potential, numerous studies have investigated the 
phase behavior of hard sphere systems. The hard sphere system is governed by steric 
repulsive interactions where the particles form ordered structures to maximize the 
configurational entropy. Thus, the phase of hard spheres is mainly determined by 
effective volume faction (φ) of the dispersion.16 The basic phase diagram that governs 
hard sphere behavior is fairly well understood and is illustrated in figure 1.3-1 in the 
chapter 1. The fluid phase exists below volume fractions (φ) of ~0.494, where 
monodispersed hard spheres adopt a state wherein particle motions and positions are 
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correlated, yet no long-range order exists. The freezing point of the system occurs at 
φ=0.494, with the melting point being φ=0.545. Between these two values of φ, there 
exists a phase separated coexistence between the fluid and crystal phases. Above φ=0.545 
and continuing to the maximum density of φ=0.74 the thermodynamically preferred state 
is that of a crystalline assembly, although under many conditions a kinetically-trapped 
jammed or glassy state may result, which is generally considered to exist between φ=0.58 
and φ=0.64.15, 17
Although many of these investigations have utilized particles that display 
interaction potentials that are dominated by hard-sphere repulsion, others have probed the 
interplay of soft interactions, and the influence of such potentials on the resultant phase 
diagram.18-23 Star polymers,18, 19, 22 ionic microgels,24-26 and latex particles dispersed in a 
good solvent21, 27 were used as model systems for studying the soft sphere interactions. 
These studies theoretically predicted more exotic phase behavior such as body-centered 
orthogonal (bco) structure and diamond crystal structure due to the soft repulsive 
interaction.24, 25 Finally, the appearance of attractive interactions (which lead to an 
unusual fluid/crystal phase coexistence) in systems designed to have purely repulsive 
interactions have been an area of recent intense interest.28-32
In this chapter, we describe the phase behavior of aqueous dispersions of 
spherical, submicron-sized microgel particles.33-35 The building blocks for these 
dispersions are spherical microgels composed of the pH and thermoresponsive polymer 
poly-N-isopropylacrylamide-co-acrylic acid (pNIPAm-co-AAc) lightly cross-linked with 
N,N’-methylenebis(acrylamide) (BIS). Such particles are typically referred to as 
microgels or hydrogel particles, as pNIPAm is water-soluble at room temperature. Thus, 
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loosely cross-linked particles of the polymer tend to swell dramatically in aqueous media. 
As a result of this extreme degree of solvent swelling, such particles might be expected to 
display a soft interaction potential. Indeed, others have indirectly illustrated the presence 
of a soft (concentration-dependent) interaction potential in pNIPAm particles and shown 
the influence of this softness on the crystallization and melting behavior of entropic 
crystals.23, 36 Additional interest with respect to these particle assemblies is the 
thermoresponsivity of pNIPAm. Below its characteristic lower critical solution 
temperature (LCST) of ~31 °C pNIPAm exists as a solvated random coil in aqueous 
media. However, above that temperature, the chains collapse to a hydrophobic globular 
state due to the entropically favored release of water from the polymer. For cross-linked 
microgels, this transition is typically referred to as the volume phase transition (VPT), 
where the particle undergoes a transition from a swollen to a deswollen network. Our 
group has utilized this VPT to create colloidal crystals from pNIPAm particles that are 
optically tunable by controlling the degree of particle hydration, and crystals that can be 
annealed via the VPT.37, 38 The studies described below are designed to elucidate the 
influence of soft and weakly attractive particle interactions on the phase behavior of 
colloidal dispersions. Our results suggest that particles with such unique interaction 




Materials. N-isopropylacrylamide (NIPAm, Aldrich) was purified by 
recrystallization from hexane (J. T. Baker) prior to use. Acrylic acid (AAc), N, N'-
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methylenebis(acrylamide) (BIS), ammonium persulfate (APS) and fluorescein disodium 
salt were purchased from Aldrich and used as received. All water used throughout this 
investigation was house distilled, deionized to a resistance of at least 18 M (Barnstead 
Thermolyne E-Pure system), and then filtered through a 0.2 m filter for particulate 
removal.  
Particle Synthesis. PNIPAm-co-AAc particles were prepared as follows. NIPAm 
(1.4 g) and 0.03 g of cross-linker (BIS) were dissolved in 100 mL of water and filtered to 
remove particulate matter. The mixture was transferred into a 250 mL round bottom flask 
and heated and kept at 70 °C under gentle nitrogen stream for 40 minutes. Then, 95 µL of 
AAc was added, followed by APS (0.05 g) to initiate polymerization. The reaction 
mixture was kept at 70 °C under nitrogen at least for 4 hours to complete the reaction. 
PNIPAm particles were synthesized by same method as the pNIPAm-co-AAc particle 
preparation. NIPAm (2.0 g) and BIS (0.04 g) were dissolved in 100 mL of water and 
filtered. The reaction mixture was transferred into 250 mL round bottom flask and heated 
in the same manner as above. APS (0.05 g) was added to initiate reaction. After 
synthesis, the hydrogel solution was filtered and purified by dialysis (Spectra/Por 7 
dialysis membrane, MWCO 10,000) for at least 7 days. The hydrodynamic radius and 
size distribution of the hydrogel particles were characterized with photon correlation 
spectroscopy (PCS, Protein Solutions, Inc.) as described previously.39-41 For these 
measurements, each sample was allowed to equilibrate at each temperature for 10 min. At 
each temperature 3 consecutive runs were performed where each run was composed of 15 
individual radius measurements using a 60 sec integration time for each measurement. 
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In general, PCS-determined polydispersities fall below 20%. However, it should 
be noted that this “effective” polydispersity probably reflects the presence of loosely-
crosslinked chains at the particle surface, which contribute to the hydrodynamic radius 
but may not contribute greatly to crystallization, especially at high volume fractions. 
Thus, the relationship between PCS-determined polydispersites of hydrogel particles and 
crystallization thermodynamics/defect density is not clear at this point. Nonetheless, for 
this and previous studies,37, 38, 40-42 it has been found that excellent crystallization is 
observed when the PCS-determined values lie below 20%.  
Crystal Assembly. The figure 2.2-1 illustrates the sample preparation. To 
concentrate the particles into close contact, a hydrogel solution was centrifuged at 29 °C 
at a relative centrifugal force (RCF) 16,100 g for 1 hour. The ionic strength of the 
hydrogel solutions was adjusted ~1 mM with 0.1 M NaCl solution before centrifugation. 
For samples for confocal microscopic observation, a fluorescein disodium salt solution 
was added to the sample to a concentration of 2.8 × 10 –5 M. After centrifugation, the 
supernatant water was removed to isolate the particle pellet. Diluted crystal samples were 
prepared by adding H2O to the pellet in the centrifuge tube while maintaining the ionic 
strength of samples at ~1 mM with a 0.1 M NaCl solution. To control the extent of AAc 
protonation, the pH of the samples was adjusted to ~3.8 with 0.01 M HCl. After dilution, 
the crystals were transferred into Vitrotube borosilicate rectangular capillaries (0.1 mm × 
2.0 mm × 50 mm) by capillary action and annealed between room temperature and 35 °C 
at least 15 times. The samples were placed in the room temperature for several days 




Figure  2.2-1 Method of microgel colloidal crystal assembly for microscope observation. 
 
Microscopy. An Olympus IX 70 inverted microscope equipped with a high 
numerical aperture, oil immersion 100× objective (N.A.=1.30) was utilized to obtain 
Differential interference contrast (DIC) images of microgel arrays. Images were captured 
using a black and white CCD camera (PixelFly, Cooke Corporation). For confocal laser 
scanning microscopic (LCSM) images, a Leica confocal microscope (Ar+ laser, 488 nm 
excitation line) was used. The emission in the range from 500 nm to 650 nm was used to 
detect fluorescence from the fluorescein dye.  
 
2.3 Results and Discussion 
As described above, these particles display both pH and temperature responsivity 
in that the degree of particle swelling is tunable with these stimuli; Figure 2.3-1 illustrates 
this responsivity in the form of temperature-dependent PCS data. This technique allows 
for determination of the particle translational diffusion coefficient in dilute solution, 
which can then be converted to a hydrodynamic radius (Rh) via the Stokes-Einstein 
equation.43 These data show that below the characteristic VPT temperature the particles 
are solvent swollen, a state that exists due to favorable hydrogen bonding interactions 
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between water and the NIPAm amide groups. The temperature responsivity of the 
particles manifests itself as a large decrease in particle size upon traversing the VPT 
temperature. This is an entropically favored volume phase transition, where release of 
water from the polymer network increases the entropy of the system; a concomitant 
hydrophobic aggregation of the pNIPAm chains occurs thereby resulting in the observed 
particle size decrease. Although this particular manuscript does not directly deal with the 
influence of pH on pNIPAm-co-AAc particle packing, it is worth illustrating the effect 
pH can have on the particle behavior. Specifically, deprotonation of the AAc groups has a 
large influence on the degree of swelling. As shown in figure 2.3-1, the particle radius at 
25 °C increases from ~410 nm at pH 3.56 to ~530 nm at pH 4.96, reflecting the 
deprotonation of the AAc groups (pKa= 4.5), which causes an increase in the Donnan 
potential and osmotic pressure inside the particles.39, 44-47 At pH values further above the 
pKa, the particles swell further due to complete deprotonation. However, light scattering 
data for these particles under those conditions are somewhat unreliable, as the refractive 
index contrast between the highly swollen particles and the solvent is too small for an 
adequate scattering intensity to be observed. The ability of the particles to swell in 
response to pH is illustrative of the chain conformation in the protonated particles. 
Although the particles are network polymers where the chain conformation is somewhat 
restricted by crosslinks, some degree of a random coil chain conformation is present 
when the AAc groups are protonated. In other words, the elastic swelling limit of the 
network does not solely limit the degree of swelling at low pH. However, AAc 
deprotonation and the resultant increase of the Donnan potential causes the polymer 
chains to stretch more towards a polyelectrolyte-like (rod-like) conformation and the 
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network is thus swollen towards its elastic limit. As a result of the pH induced swelling, 
the magnitude of the size change at the VPT temperature is significantly decreased, as the 
Coulombic repulsion between neighboring chains decreases the propensity for chain 
aggregation to occur. This is further evidenced by an increase in the VPT temperature 
and a broadening of that transition. deprotonation of the AAc groups (pKa) 
 
 
Figure  2.3-1 Photon correlation spectroscopy as a function of temperature for pNIPAm-
co-AAc microgel particles at pH 3.56 (circles) and pH 4.96 (squares). The pH increase 
induces deprotonation of the AAc groups and hence particle swelling with a concomitant 
phase transition shift. 
 
 
Figure 2.3-2 shows series of optical sections taken of a crystal assembled from 
fluorescein-loaded particles. In this sample, the fluorescein was added to the particle 
solution prior to centrifugation; the water:particle partition coefficient of the fluorescein 
lies to the side of the particles, thereby providing fluorescence contrast between the 
particles and the interstices. Analysis by laser scanning confocal microscopy of 
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fluorescently dyed crystals indicates that the particles are arranged in a three dimensional 
FCC lattice with 111 planes facing the wall of the capillary. The degree of particle 
contact can be estimated by measuring the microgel center-to-center distances from either 
the confocal or DIC images. These measurements yield distances on the order of ~700 
nm. As described above, dilute solution PCS measurements of these microgels reveal a 
size of 820 nm in diameter, in close agreement with the measured center-to-center 
distances. The small difference in the size between the two methods may be explained by 
a slight compression of the microgels during centrifugation and crystallization or by 
experimental differences between the PCS-measured hydrodynamic radius and 
microscopy-observed radius. However, it is unwise to ascribe too much quantitative 
value to these measurements, as the translational diffusion coefficient can be significantly 
perturbed by dangling chains on the particle surface; the exact relationship between the 
microscopically observed and spectroscopically determined hydrogel particle sizes is not 
well-defined. Nonetheless, we have previously demonstrated that large degrees of particle 
compression are possible in similar materials,37, 38 so it may indeed be the case that the 
assembly shown in figure 2.3-2 is comprised of particles that are slightly dehydrated 
relative to their size in dilute solution. It should further be noted, as we have discussed in 
previous publications,37, 38 that the thermoresponsivity of the particles allows us to 
circumvent the kinetically trapped glassy phase during this assembly process. The 
relatively inelegant and harsh method of assembly used here (centrifugation) would not 
be expected to yield the thermodynamically preferred particle arrangement, but should 
instead yield large regions of kinetically-trapped glassy phase. However, shrinking the 
particles by raising the sample above the VPT temperature causes an increase in the 
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particle translational diffusion coefficient (as evidenced by the change in sample 
viscosity), thereby allowing for assembly of the close-packed thermodynamic product at 




Figure  2.3-2 Series of optical sections of laser scanning confocal microscopy images of 
fluorescein-dyed pNIPAm-co-AAc microgel colloidal crystal. Arrows are placed at the 
exact same location in each image to illustrate the ABCAB…packing in the crystals. The 




To better understand the influence of particle concentration on crystal packing, a 
series of particle dispersions were prepared over a decade-wide range of concentrations 
(0.66-6.6 w/w% polymer). It is worthwhile noting that these samples were diluted 
following centrifugation prior to loading into capillaries as opposed to the successive 
dilution of pre-formed crystals. Any crystallization observed following dilution should 
not be the result of any templating or “memory” effects. That is, each sample should 
represent the thermodynamically preferred phase at that volume fraction and should not 
be influenced by crystallization that occurred when the system was at a higher 
concentration. All samples were prepared at a pH of 3.8, where ~18% of the AAc groups 
are protonated. Furthermore, the ionic strength was held constant at 1 mM, where the 
Debye-Hückel screening length is <10 nm; electrostatic repulsion should not contribute 
significantly to packing in these dispersions. Thus, if we consider the highest 
concentration sample to have a 74% fill fraction, the investigated concentration range 
should span the hard sphere phase diagram from the crystalline region (φ=0.494 to 0.74) 
to the fluid region (below φ=0.494). Representative images obtained for these samples 
are shown in Figure 2.3-3; the polymer weight percentages are indicated on each image 
along with the “effective” volume fraction (φeff). This effective volume fraction is 
estimated from the polymer mass fraction using a treatment previously published by 
Senff and Richtering.23, 48 In that work, the solvation degree of pNIPAm microgels was 
determined from rheology measurements as a function of crosslinker concentration and 
temperature. For example, using their data for ~2 mol-% crosslinked pNIPAm particles at 
25 °C,48 one would estimate the φeff for image a (6.6 w/w%) at 1.10. The fact that this 
number is greater than 74% (and indeed, greater than 100%) indicates that the particles 
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have been significantly compressed, as was suggested by the previously presented 
comparison of the particle sizes obtained from microscopy and PCS. It should be noted 
that these numbers are simply meant to convey an estimate of particle overpacking and 
hence the “softness” of the particles; it is probable that the absolute magnitude of these 
estimates are incorrect, given the slightly different synthetic conditions used to produce 
the microgels used in this study. Also indicated on each panel is the corresponding “hard 
sphere” particle volume fraction (φ) that one calculates if image a is defined as having a 
volume fraction of 0.74 (close packed). 
An initial overview of this collection of images reveals the surprising result that 
the particles crystallize spontaneously even after being diluted 9-fold from the initial 
polymer concentration (φHS=0.08, φeff=0.12, w/w%=0.73, figure 2.3-3(h)). Indeed, only 
the highest dilution (10-fold dilution, image i) shows a disordered fluid phase. If the 
particles behaved as hard spheres with purely repulsive interaction potentials, the fluid 
phase should be observable even after a 2-fold dilution (φHS=0.37, 2.3-3(b)). If we further 
account for the softness of the particles, melting should at least be observable following a 
3-fold dilution (φeff=0.37, 2.3-3(c)). In a sense, these observations are reminiscent of 
those related to long-range attractive forces in highly charged colloidal systems.28-30, 32, 49 
In those studies, particle solutions diluted far beyond the theoretically predicted (from 
DLVO theory) freezing point display an unexpected coexistence of crystalline and fluid 
phases. While the origins of the long range attractive interactions required for such 
phenomena remain a matter of debate, it is clear that such effects are typically observed 
only in highly confined systems and/or with highly charged spheres. Neither condition 
exists here so it is likely that a different force is influencing packing. Closer inspection of 
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the images in figure 2.3-3 indicates a far more unexpected behavior. In 2.3-3(a)-(h), no 
fluid phase is observable and the particles remain closely packed in spite of dilution 
because the particles themselves have grown in size. Indeed, in 2.3-3(h), the center-to-
center distance is ~1.5 µm, which is ~1.8-times larger than the particle diameter 
measured in dilute solution by PCS. Although dilution of the dispersion has occurred 
with respect to polymer w/w%, the particles have grown to maximize particle-particle 
contact, thus maintaining the assembly at a particle volume fraction that is higher than the 
freezing point. As with the aforementioned phase coexistence studies, our observations 
can only result from long-range attractive forces in the pair or multibody potential. Since 
there are no apparent entropic origins of the particle-particle attractive forces, it seems 
likely that the forces are of enthalpic origin. Examination of the chemical structure and 
morphology of the pNIPAm-co-AAc microgel particles suggests that the only possible 
attractive interactions are AAc-AAc and/or AAc-amide hydrogen bonding between the 
particles.50 While it is expected that these interactions would be weak in an aqueous 
milieu, multiple interactions along the copolymer chain may be sufficient to stabilize the 
structure. Indeed, the interactions must not be exceedingly strong in this case, because if 
the particles were excessively “sticky”, assembly of the colloidal crystal would be 












Figure  2.3-3 Differential interference contrast microscopy images of colloidal crystals 
assembled from pNIPAm-co-AAc microgel particles (Rh = 410 nm). The polymer 
concentrations in weight percent are indicated on each image, along with the hard sphere 
(φHS) and effective (φeff) particle volume fractions. See the text for details concerning 





A logical test of this hypothesis would be to study assembly as a function of pH, 
as hydrogen bonding involving AAc is only efficient at pH values below the pKa of the 
acid. Above the pKa, the pNIPAm-co-AAc system, with the particle center-to-center 
distance being less than the hydrodynamic diameter, reflecting compression of the 
particles during centrifugation. Decreasing the particle concentration by a factor of two 
(5.85 w/w%, φHS=0.37, φeff=0.98, image electrostatic repulsion should be dominant. In 
this case, such experiments do not clearly point to the origin of the effect, however. As 
described above, raising the pH above the pKa causes extreme particle swelling and also 
increases the repulsive forces due to electrostatics. Therefore, similar packing effects may 
be observed at all pH values, where below the pKa, hydrogen bonding enforces packing 
via attractive interactions, while above the pKa, packing is enforced by electrostatic 
repulsion and charge-induced particle swelling. As a result of the complications presented 
by pNIPAm-co-AAc particles, the hydrogen-bonding hypothesis was tested using 
pNIPAm particles that do not contain AAc. Again, crystals were prepared by 
centrifugation of particle dispersions, with all dilutions being performed in the centrifuge 
tubes prior to capillary loading. In the case of the pNIPAm particles and centrifugation 
conditions used here, the original (undiluted) pellets were 11.7 w/w% polymer as 
opposed to the 6.6 w/w% concentration observed for pNIPAm-co-AAc. Despite this 
higher polymer concentration, particle assembly is still observed; the results are shown in 
figure 2.3-4. Again, both the effective (φeff) and hard sphere (φHS) volume fractions are 
indicated on each image, along with the wt-% polymer in the sample. Analysis of particle 
packing as a function of volume fraction reveals that efficient packing is observable over 
a more narrow range of particle concentrations. Figure 2.3-4(a) (11.7 w/w%, φHS=0.74, 
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φeff=1.96) shows a polycrystalline structure in the pNIPAm assembly (Rh=380 nm by 
PCS) as observed for the pNIPAm-co-AAc microgel dispersions, with the particle center-
to-center distance being less than the hydrodynamic diameter. This reflects compression 
of the particle during centrifugation. Decreasing the volume fraction by a factor of two 
(5.85 w/w%, φHS=0.37, φeff=0.98, figure 2.3-4(b)) or three (3.9 w/w%, φHS=0.25, 
φeff=0.65, figure 2.3-4(c)) results in a crystalline assembly with increased particle spacing. 
Finally, dilution of the sample by a factor of four yields a disordered fluid phase with no 
evidence of strong particle interactions (2.93 w/w%, φHS=0.19, φeff=0.49, figure 2.3-4(d)). 
It is interesting to note that the effective volume fraction of the 4-fold diluted sample lies 
below the characteristic hard sphere freezing point. It is therefore not surprising that this 
image should show a fluid phase, since there are no apparent sources of attractive 
interparticle forces. These results suggest that while microgel particles pack efficiently at 
high volume fractions independent of the particle chemistry, the presence of AAc is 
required for crystal stability over a large range of concentrations. The particle-particle 
interaction potential is therefore strongly perturbed by the presence of AAc, with the 
attractive forces likely due to multiple hydrogen bonding interactions between the 













Figure  2.3-4 Differential interference contrast microscopy images of colloidal crystals 
assembled from pNIPAm microgel particles (Rh = 380 nm). The polymer concentrations 
in weight percent are indicated on each image, along with the hard sphere (φHS) and 
effective (φeff) particle volume fractions. See the text for details concerning these values. 









In this chapter, the pNIPAm-co-AAc microgel dispersions over a broad range of 
concentration were investigated. At the highest packing density, the particles are 
overpacked, with the center-to-center distance being smaller than the hydrodynamic 
diameter as determined by PCS. Dilution of those samples by as low as φeff=0.12 is 
possible without observation of crystal melting and the center-to-center distance (dc-c) 
calculated in low φeff crystals is larger than the hydrodynamic diameter determined by 
PCS. This broad range of crystalline assembly can only be due to a previously 
unidentified particle-particle attractive interaction, which causes particle swelling so as to 
maintain a close-packed structure. We propose that the origin of this attractive force is 
hydrogen bonding between the particles due to AAc dimerization and/or AAc-amide 
interactions. Hydrogen bonding is further implicated as being the origin of these forces as 
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Shift Factor Determination 
 
3.1 Introduction 
Ideal solids show the simplest relation between force and deformation known as 
Hooke’s law. The force is proportional to the deformation  
 
γτ ⋅= G        (3-1) 
 
where τ is the force per unit area or stress, γ is the relative length change or strain and G 
is the constant of proportionality or elastic modulus.  
On the other hand, ideal liquids follow Newton’s law of viscosity, where the 
stress is proportional to the rate of deformation. 
 
γητ &⋅=        (3-2) 
 
where η is the Newtonian viscosity and γ& =dγ/dt. 
 Many materials obey the ideal laws shown above. However, some materials such 
as milk, blood, paints, and foods display behavior between the ideal solid and the ideal 
fluid. These materials are dispersions that consist of discrete particles randomly 
distributed in fluid media. The behavior between the ideal solid and the ideal fluid can be 
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the viscosity dependency on the shear rate (called non-Newtonian flow behavior) or 
complex rheological properties such as viscoelasticity (G’, G”) as a function of frequency 
(time) or temperature. Here G’ is the storage modulus (elastic component) and G” that of 
loss modulus (viscous component).  
There has been considerable effort in determining and understanding the 
rheological properties of colloidal dispersions since colloidal dispersions play an 
important role in many industrial applications. The majority of these works have 
concentrated on hard, repulsive particles such as polystyrene and silica particles.1-5 
Several studies have shown that the viscoelastic properties of concentrated dispersions 
are strongly dependent on volume fraction. Increases in volume fraction lead to a 
decrease in mean particle separation and consequently to a more elastic dispersion.3, 6-8  
Many groups have investigated the interparticle interactions by studying 
viscoelastic properties, since the interaction between particles change rheological 
properties of colloidal dispersions. Paulin et al. modeled the interaction potential of 
concentrated poly(methymethacrylate) (PMMA) microgel dispersions as Ψ (r) ∝ 1/rn 
which gives a power law behavior for the concentration dependence of the plateau 
modulus.9 They investigated PMMA microgels and a power law exponent of 20 was 
obtained. The rheological data of plateau modulus showed the pNIPAm microgels have 
repulsive interaction of the order of (1/r12),10 and high frequency shear modulus data 
demonstrated that the repulsive interaction can be modeled in terms of a power law with 
an exponent 9.11 These experiments revealed that pNIPAm microgels are best regarded as 
soft spheres. Unlike a dispersion of hard spheres, the effective volume fraction of the 
pNIPAm microgel dispersions changes with temperature since the thermoresponsive 
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microgel undergoes phase transition from swollen to collapse upon heating.12 At low 
temperature, the storage modulus is higher than the loss modulus implying the microgel 
dispersions behave like viscoelastic solid. When the dispersions are heated, the 
dispersions become a viscoelastic liquid with higher loss modulus than storage modulus. 
This results show the viscoelastic properties and elasticity of thermoresponsive microgel 
dispersions decrease as the temperature is increased.11, 13  
Adding a rigid sphere to a fluid changes the flow field and this hydrodymic 
disturbance increases the viscosity of the dispersion. The viscosity of hard sphere 
dispersions has been studied by Einstein and he found that the viscosity of dispersion 
increases by a fraction of the volume fraction of the dispersion.14, 15  
 
)5.21( φηη ⋅+= s       (3-3) 
 
where η is the viscosity of a dispersion,  ηs is the solvent viscosity and φ is the volume 
fraction of particles. Here he assumed no interaction between particles. 
The addition of particles not only increases the viscosity of dispersion but also 
introduces deviations from Newtonian behavior. In non-Newtonian fluid, the viscosity 
changes as shear rate changes. The viscosity decrease observed with increasing shear rate 
is called shear thinning. The opposite case is known as shear thickening. For both purely 
repulsive hard spheres5, 9, 16 as well as electrically stabilized particles,17 shear thinning is 
often observed in concentrated dispersions. Other rheological experiments showed that 
dilute and moderately concentrated pNIPAm dispersions behave like low-viscosity 
liquids at low shear rate and show shear thinning.10, 13, 18  
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Batchelor19 and Brady and coworkers20 took Brownian motion of particles into 
account to contribute to the relative viscosity of such dispersions in dilute solution. This 
Brownian motion plus hydrodynamic interaction introduces φ2 term to the Einstein’s 
results (3-3). As discussed in other references,21, 22  it is important to take the quadratic 
term into account due to the hydrodynamic interaction between particles.  
 
φφη 29.55.21 effeffrel ++=    (3-4) 
 
where ηrel is solvent viscosity and φeff is effective volume fraction.  
This expression can be utilized to determine the effective volume fraction of a 
colloidal dispersion. The volume fraction of rigid sphere particles is easily calculated as 
the ratio of total sphere volume to total sample volume. However, for microgels, due to 
the swollen nature of the particles it is not possible to make direct volume fraction 
calculations based on particle mass and density. A simple method to determine the 
effective volume fraction of colloidal dispersions is to measure a property, usually the 
viscosity, of dilute suspensions as a function of weight percent of suspensions.2, 23-25 The 
relative viscosity as a function of weight percent of microgel dispersions can be plotted. 
The fitting for the relative viscosity vs. weight percent is fitted according to equation (3-
4) where the effective volume fraction φeff is substituted by φeff =kc. c is the concentration 
of the dispersion in weight/weight % and k is the shift factor for converting the 
concentration to the effective volume fraction. In soft sphere dispersions, it is possible to 
have volume fractions greater than 0.74, the maximum volume fraction for ideal hard 
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spheres, because large particle concentrations can lead to particle deformation and 
deswelling. 
In the previous chapter, the shift factor of pNIPAm calculated by Richtering10 was 
utilized to estimate the effective volume fraction of pNIPAm-co-AAc microgel 
dispersions. Since pNIPAm-co-AAc is more hydrophilic, the same mass of pNIPAm-co-
AAc microgels tends to uptake more water than pNIPAm resulting in larger volume. On 
top of that, unlike pNIPAm microgels, the hydrodynamic radius of pNIPAm-co-AAc 
microgels is highly dependent on pH of dispersion solutions due to their pH responsivity. 
The shift factor of pNIPAm microgels will not give accurate effective volume fraction of 
pH responsive microgels. In this chapter, viscosity measurements of microgel dispersions 
as a function of weight percent and pH will be performed to determine shift factor of 
pNIPAm-co-AAc microgel dispersions for accurate effective volume fraction calculation. 
 
3.2 Experimental 
Microgel Samples Preparation The pNIPAm-co-AAc (90:10) microgel is 
synthesized by surfactant free precipitation polymerization as described in chapter 2. A 
different batch of pNIPAm-co-AAc microgels is used for this chapter, but properties 
including volume phase transition are the same. The hydrodynamic radius of pNIPAm-




Figure  3.2-1 A volume phase transition behavior from pNIPAm-co-AAc microgels. As 
the temperature increases the microgels undergo a deswelling transition, going from 
solvent swollen to deswollen state at pH 3.0 (∇, upper triangle), pH 3.85 (○, circles) and 




We describe the preparation of microgel dispersions for rheometry experiments. 
First, the pNIPAm-co-AAc microgel dispersion was freeze-dried over night then the 
freeze-dried microgel was redispersed in buffer solutions of desired pH. Buffer solutions 
of pH 3.0 (µ=15 mM), 3.85 (µ=15 mM), and 6.5 (µ=100 mM) were used for this project. 
Once the microgels are redispersed completely, the redispersed samples in 3.85, and 6.5 
buffer solutions were centrifuged at 29 °C at a relative centrifugal force (RCF) 16,100 g 
for 1 hour. Microgels redispersed in pH 3.0 buffer solutions were centrifuged RCF 
13,000 g at 4 °C for 30 minutes to avoid aggregation since the ionic strength of the 
dispersion is relatively high. The weight percent of the centrifuged pellet was determined 
by measuring the mass of centrifuged microgel pellets before and after freeze-drying 
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assuming that most of the water evaporates during freeze-drying process. The centrifuged 
pellet was diluted with buffer solution to achieve desired weight percent for the 
experiments, which is usually ~ 0.1 ~ 1.2 weight percent (w/w%). Once diluted, the 
samples were place on the shaker table over night to redisperse the microgels completely. 
Rheological Measurements The viscosity measurement as a function of shear rate 
was carried out with a cone-plate rheometer (Physica, MCR300). The diameter of the 
cone and plate is 50 mm and the angle of the cone is 1 degree. The viscosity of a 
microgel dispersion was measured while the shear rate raised from 30 s-1 to 1000 s-1. The 
viscosity vs. shear rate was measured at two different temperatures, 22 °C and 25 °C. 
Since the real room temperature in the lab is ~ 22 °C, the shift factor at 22 °C will be 
utilized in this thesis for volume fraction calculation. 
Error Calculation Usually there is uncertainty associated with each of the 
individual measurements. Here, the combined effect on the quantity of interest will be 
evaluated through the propagation of errors analysis. Let’s say Q is the desired property 
determined from n independently measurable quantities through the analytical 
expressions Q = Q (x1, x2, x3, …, xn). It is assumed that changes in variables, xi, are due 
to random error and the errors involved in one variable do not affect those of any other. 
Then, the uncertainty or errors in the desired property, εQ, is expressed as follows. Here, ε 
is an absolute uncertainty in xi and xi is each of variables. 
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=    (3-3) 
 
 In this experiment, there are several variables which can contribute to the 
propagation of error. For both the errors of microgel dispersions for viscosity 
measurements and dispersions for phase behavior study (will be discussed in the chapters 
4, 5, and 6), the following four steps will be included for uncertainty evaluation; 
measuring the mass of polymer pellet before and after freeze-drying to calculated weight 
percent of centrifuged microgel pellet, measuring the mass of centrifuged microgel pellet 
for each sample, measuring the mass of buffer solution for desired weight percent.  
 As an example, the error involved in pH 3.85 microgel dispersions will be 
calculated here. After the microgel crystal was prepared by centrifugation, the masses of 
the crystal before and after freeze-drying were measured. The masses of the crystal 
before and after were 0.0714 g and 0.0042 g, respectively. To get average, another 
sample was prepared and the masses before and after were 0.0586 g and 0.0031 g, 
respectively. The weight percent of the pH 3.85 crystal is 6.08 w/w% and since the 
balance reads to the level of 0.0001 g, the error here was calculated as follows.  
 










⎡ +error   (3-4) 









⎡ +error   (3-5) 
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Here error from taking average or adding is erroravg = (error12 + error22) ½ = 0.0398 i.e. 
3.98% of 6.08 w/w%. The next step is preparing samples by diluting the centrifuged 
microgel crystals with buffer solutions. For sample preparation, 0.0253 g of crystal was 
diluted with 0.7198 g of pH 3.85 buffer solution. Here, the error was calculated as 
follows. 









⎡ +error   (3-6) 
The weight percent of this sample is calculated in the follow expression and 








×=  (3-7) 
 
The overall error for this process results from the multiplication and dividing process 
shown above. For the error calculation from the multiplication and dividing erroroverall = 
erroroverall = (relative error12 + relative error22 +…)½. Since erroravg and error3 are 
relative errors, the overall error is erroroverall = (erroravg2 + error32) ½ = 0.0396 i.e. 3.96% 
of 0.206 w/w% or 0.008 w/w%. Errors for all other samples were calculated in the same 
manner as described here and the results are in the parenthesis in the first columns in 
table 3.3-1~3.3-3. 
 
3.3 Results and Discussion 
Viscosity of dispersions as a function of shear rate was measured in the 0.1 ~ 1.2 
w/w% range. Figure 3.3-1 shows the viscosity vs. shear rate plot of microgels dispersed 
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in pH 3.0, 3.85 and 6.5 buffer solutions. The viscosity was measured as shear rate 
increased as well as decreased and the viscosities obtained from both directions were 
almost identical. In figure 3.3-1, only viscosity as shear rate increases is plotted.  
These plots are examples of microgel dispersions at each pH and the highest 
concentration from each pH was selected. It has been shown that thermoresponsive 
microgel dispersions show shear thinning at higher concentration and lower temperature 
than this experiments.10, 18, 26 However, the microgel dispersions in these experiments 
display almost Newtonian behavior in this shear rate range due to low concentration. 
When the viscosity of each concentration at a certain pH is determined, the averaged 
viscosity over shear rate was used. The average relative viscosity and standard deviation 
of each samples are shown in tables 3.3-1~3.3-3. For all samples (not presented here), the 
viscosity of microgel dispersions at 25 °C is lower than one at 22 °C, since the deswelling 
of the microgels gives rise to decrease of the effective volume fraction and thus reduces 




Figure  3.3-1 Shear viscosity of pNIPAm-co-AAc microgel dispersions as a function of 
shear rate at 22 °C (open circle) and at 25 °C (open square). The viscosities plotted here 
were measured as shear rate increased. Pannel (a) c=1.23 w/w%, pH 3.0, (b) c=1.13 
w/w%, pH 3.85, and (c) c=1.09 w/w%, pH 6.5  
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Table 3.3-1 Average relative viscosity and its standard deviation (± sd) of pNIPAm-co-
AAc microgel dispersions in pH 3.0 (15 mM) buffer solution.  
 
Weight %  
(± absolute error) η (± sd) at 22 °C  η (± sd) at 25 °C 
0.098 (± 0.005) 1.030 (± 0.011) 1.011 (± 0.007) 
0.182 (± 0.010) 1.062 (± 0.011) 1.039 (± 0.007) 
0.592 (± 0.032) 1.193 (± 0.011) 1.135 (± 0.007) 
0.790 (± 0.043) 1.263 (± 0.013) 1.192 (± 0.008) 
1.123 (± 0.060) 1.487 (± 0.015) 1.366 (± 0.009) 
 
 
Table 3.3-2 Average relative viscosity and its standard deviation (± sd) of pNIPAm-co-
AAc microgel dispersions in pH 3.85 (15 mM) buffer solution.  
 
Weight %  
(± absolute error) η (± sd) at 22 °C  η (± sd) at 25 °C 
0.095 (± 0.004) 1.054 (± 0.005) 1.043 (± 0.032) 
0.206 (± 0.008) 1.081 (± 0.010) 1.048 (± 0.010) 
0.427 (± 0.017) 1.210 (± 0.009) 1.185 (± 0.017) 
0.680 (± 0.036) 1.389 (± 0.014) 1.303 (± 0.701) 
0.914 (± 0.065) 1.586 (± 0.018) 1.485 (± 0.026) 
 
 
Table 3.3-3 Average relative viscosity and its standard deviation (± sd) of pNIPAm-co-
AAc microgel dispersions in pH 6.5 (100 mM) buffer solution.  
 
Weight % 
(± absolute error) η (± sd) at 22 °C η (± sd) at 25 °C 
0.107 (± 0.004)  1.074 (± 0.004) 1.050 (± 0.007) 
0.134 (± 0.005) 1.072 (± 0.010) 1.062 (± 0.011) 
0.211 (± 0.007) 1.113 (± 0.006) 1.104 (± 0.008) 
0.253 (± 0.009) 1.133 (± 0.006) 1.116 (± 0.006) 
0.434 (± 0.015) 1.263 (± 0.004) 1.237 (± 0.007) 
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In figure 3.3-2, the relative viscosity of pNIPAm-co-AAc microgel dispersions is 
plotted as a function of weight percent. Other than very low weight percent region, 
relative viscosities of higher pH dispersions are larger than ones of lower pH. This is due 
to the deprotonation of AAc groups in the microgel network at higher pH. The higher 
deprotonation of AAc groups leads microgels to swell. This swelling leads higher φeff 
resulting in relative viscosity. The lines represent fittings according to equation (3-4) with 
the effective volume fraction substituted by φeff =kc. The shift factors (k) at different pH 
and temperatures are given in table 3.3-4. The shift factors have errors ranging from 3% 
to 10% with 90% confidence level. Since the errors from fitting are larger than errors 
from measuring (3% ~ 5%) and viscosity measurements (< 1%), the errors from fitting 
can be considered as major sources of errors in the shift factor determination. 
The shift factors show the volume change of microgels and they tend to increase 
as pH (or protonation) of microgel dispersions increases. When the ratios k/k(pH 3.0) and 
[Rh/Rh(pH 3.0)]3 are compared, they do not agree well shown in table 3.3-5 and 3.3-6. 
Compared to the shift factors calculated from ratios [Rh/Rh(pH 3.0)]3, the shift factors 
obtained from viscosity measurements are higher at pH 3.85 and lower at pH 6.5. This 
disagreement may originate from different experimental conditions. Since Rh is measured 
under highly diluted condition, the interaction between particles can be considered to be 
negligible. However, for viscosity measurements, particles concentration is significantly 
higher than dynamic light scattering measurements. Samples for viscosity measurements 
in this chapter have approximately 10~100 times higher particles concentration than one 
for light scattering experiments. At pH 3.0, most AAc groups on the microgel particles 
are protonated so that the microgels do not have many charged groups for ion-dipole 
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interaction between deprotonated AAc and AAc or amides. Since there is a little 
interaction between particles, microgel dispersions at pH 3.0 most likely will obey 
equation (3-4) well. At pH 3.85, there is more ion-dipole interaction between particles 
and this attractive interaction may result in higher viscosity. As a result, the shift factors 
could be overestimated. At pH 6.5, further deprotonation of AAc leads microgels to 
highly charged species. The same charge on the microgels may give rise to repulsion 
between particles and lower relative viscosity. This lower relative viscosity would give 
smaller shift factor at pH 6.5.  
In general, the shift factors determined by viscosity measurements show the 
volume change of microgels well. But for more accurate shift factor determination, better 
models to explain the rheological behavior of microgels dispersions with interactions 
need to be investigated. 
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Figure  3.3-2 Viscosity of microgels vs. microgel concentration in weight percent plot at 
22 °C (open circle) and 25 °C (open square) at different pHs. Pannel (a) pH 3.0, (b) pH 
3.85, and (c) pH 6.5. The error bars represent standard deviation of viscosity 
measurement at the weight percent. The lines display fitting according to equation 3-4. 
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Table 3.3-4 The shift factors, k, and confidence range at 90 % confidence level, c, of 
pNIPAm-co-AAc microgel dispersions of different pH at 22 °C and 25 °C.  
 
  k (±c) at 22 °C k (± c) at 25 °C 
pH 3.0 12.3 (± 0.92) 9.5 (± 1.02) 
pH 3.85 18.1 (± 0.66) 15.3 (± 1.04) 





Table 3.3-5 Shift factor ratio, volume ratio and shift factor (k’) calculated from volume 
ratio of pNIPAm-co-AAc microgel dispersions of different pH at 22 °C.  
 
 Rh (nm) k/k(pH 3.0) [Rh/Rh(pH 3.0)]3 k’ 
pH 3.0 376.7 1.00 1.00 12.3 
pH 3.85 399.3 1.47 1.19 14.6 




Table 3.3-6 Shift factor ratio, volume ratio and shift factor (k’) calculated from volume 
ratio of pNIPAm-co-AAc microgel dispersions of different pH at 25 °C.  
 
 Rh (nm) k/k(pH 3.0) [Rh/Rh(pH 3.0)]3 k’ 
pH 3.0 345.7 1.00 1.00 9.5 
pH 3.85 361.6 1.61 1.14 10.9 





In this chapter, the shift factors of pNIPAm-co-AAc microgel dispersions were 
determined by performing viscosity measurements as a function of weight percent of 
microgels. At all pH and temperature, the viscosity increases as weight percent of 
microgels increases. The shift factors are calculated by fitting the viscosity vs. weight 
percent according to equation (3-4). At 22 °C, the shift factors of pNIPAm-co-AAc 
microgel dispersions of pH 3.0, 3.85, and 6.5 are 12.3, 18.1, and 19.7 respectively. At 25 
°C, the shift factors of pNIPAm-co-AAc microgel dispersions of pH 3.0, 3.85, and 6.5 
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Due to a relatively slow rate of diffusion and a length scale large enough to be 
seen under an optical microscope, it has been a matter of interest to investigate the phase 
behavior of colloidal dispersions as a model system for fundamental problems of 
condensed matter science such as crystal nucleation, phase behavior, and interaction 
potentials.1-4 Besides the easy experimental accessibility, recent developments in digital 
image processing combined with video microscopy5-9 provide excellent tools for studying 
colloidal dispersions. To understand phase behavior of such systems, many research 
groups have investigated effective interactions that govern the phase behavior of colloidal 
dispersions. The simplest model system is the hard sphere system.10 Details of hard 
sphere interaction and hard sphere phase diagram are described in the chapter 1.3.1. More 
complicated interparticle interactions such as the soft sphere interactions were studied. 
Latex particles dispersed in a good solvent, star polymers, ionic microgels have been 
utilized as a model system to study such interactions.11-15 The effective interaction 
potential and the phase diagrams of soft spheres are discussed in the chapter 1.3.1 and 
cited references.11, 14-18  
Recently, thermoresponsive microgels have gained interest as a new building 
block to prepare colloidal crystals.19-25 The microgels are spherical sub-micron sized 
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water-soluble polymer networks. Below its characteristic lower critical solution 
temperature (LCST) of ~31 °C, pNIPAm exists as a solvated random coil in aqueous 
media. Some trapped water molecules form ordered clusters called structured water to 
minimize the energy due to hydrophobic components in the microgel network. However, 
above the LCST, the chains collapse to a hydrophobic globular state due to the 
entropically favored release of water from the polymer. Since the water molecules 
outside of the microgel have much higher freedom, the overall entropy of the collapsed 
system is higher than in the swollen state. This transition is usually referred to as the 
volume phase transition (VPT), where the microgel undergoes a transition from a swollen 
to a de-swollen network. It has been shown that pNIPAm microgels form well ordered 
arrays and they exhibit interesting phase behavior and optical properties due to 
thermoresponsivity and softness.21-25 In our previous study, we prepared poly(N-
isopropylacrylamide-co-acrylic acid) (pNIPAm-co-AAc) microgel crystals and 
investigated phase behavior of the microgel dispersions. Unusual crystallization at very 
low effective volume fractions was observed from pNIPAm-co-AAc microgel 
dispersions at the pH of ~ 3.8 which is lower than its pKa.24, 26 The microgel dispersions 
showed crystals as low as φeff=0.12 and the center-to-center distance (dc-c) calculated in 
low φeff crystals was larger than the hydrodynamic radius determined by dynamic light 
scattering. Our hypothesis said that there is a cooperative attractive interaction between 
particles. The overall interaction from many particles leads microgels form 
thermodynamically stable structure i.e. crystal. We further proposed that the origin of this 
interaction is AAc-AAc and/or AAc-amide hydrogen bonding between the particles.  
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In this chapter, we will address issues of the phase of pH responsive microgel 
self-assemblies at different pH to explore the effect of attractive interaction on the phase 
behavior of pH responsive microgel dispersions. Particular emphasis will be placed on 
the phase behavior of pH responsive microgel dispersions not only as a function of φeff 
but also as a function of pH to see how the changes of interactions have affected the 
phase diagram of microgel dispersions.  
 
4.2 Experimental 
Microgel Synthesis and Characterization Responsive microgels, pNIPAm-co-
AAc, were synthesized by surfactant free precipitation polymerization as described 
previously.26 The ratio of N-isopropylacrylamide(NIPAm) to acrylic acid (AAc) is 90:10 
and 2% of cross-linking agent (N, N'-methylenebis(acrylamide)) was incorporated in the 
polymer. The hydrodymic radius and the size distribution of microgels were determined 
by photon correlation spectroscopy (PCS, Protein Solutions, Inc.). The hydrodynamic 
radius of the microgels and the volume phase transition of the pH responsive microgels at 
different pH are shown in Figure 3.2-1 in chapter 3. For pH 3.0 and pH 3.85, 15 mM 
ionic strength solutions were used to achieve stable pH. Both size and VPT display pH 
responsivity of pNIPAm-co-AAc microgel. The hydrodynamic radius of microgel at pH 
3.0 and pH 3.85 are 377 nm and 399 nm respectively. At pH 3.0, since the most AAc 
groups in the microgel are protonated, the microgels have a VPT temperature at around 
31 °C which is similar to pNIPAm. However, as pH increases, pNIPAm-co-AAc 
microgels uptake water molecules due to Coulombic repulsion and osmotic swelling due 
to counterion influx (Donnan potential) resulting in an increase in the size of the 
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microgels. The VPT temperature is also shifted to temperatures greater than 31 °C due to 
Coulombic repulsion in the polymer network. 
The freshly made pNIPAm-co-AAc microgels were freeze-dried overnight; then 
the freeze-dried microgels were redispersed in buffer solutions of the desired pH. 
Different pHs were chosen for this study: pH 3.0 (15 mM ionic strength) for fully 
protonated microgels and pH 3.85 (15 mM ionic strength) for partially deprotonated 
microgels. Once the microgels were redispersed completely, the microgel dispersions at 
pH 3.85 were centrifuged at 29 °C at a relative centrifugal force (RCF) of 16,100 g for 1 
hour; the microgels redispersed in pH 3.0 buffer solution were centrifuged at a RCF of 
13,000 g at 4 °C for 30 minutes to avoid aggregation. The centrifuged microgel 
assemblies were diluted by adding buffer solution to achieve the desired weight percent 
for the experiments. The diluted samples were placed on the shaker table over night to 
completely redisperse the microgels. The microgel dispersions were transferred into 
rectangular glass tubes (Vitrotube, 0.1 mm × 2.0 mm × 50 mm) for observation under a 
microscope.  
Effective Volume Fraction of Dispersion Determination To determine the 
effective volume fraction of microgel dispersions at different pH, viscosity experiments 
were performed.17 The relative viscosity as a function of weight percent of microgel 
dispersions was plotted. And the fitting for the relative viscosity vs. weight percent is 
plotted according to equation (3-4) where the effective volume fraction φeff is substituted 
by φeff =kc. Here, k is the shift factor and c is the microgel concentration in weight percent 
(w/w%). Viscosity measurements at different weight percents were carried out with a 
cone-plate type rheometer (MCR300, Anton Paar).  
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The shift factors for pH 3.0 and 3.85 dispersions at 25 °C are 12.3 and 18.1, 
respectively. The details of the viscosity measurement and fitting will not be covered 
since they have been discussed in the chapter 3. Once the shift factor is determined, the 
φeff of microgel dispersion can be determined by multiplying k by c.  
Microscopy and Particle Tracking Analysis An Olympus IX 70 inverted 
microscope equipped with a high numerical aperture, oil immersion 100X objective 
(N.A.=1.30) was used to obtain images of microgel arrays. Images were captured using a 
black and white CCD camera (PixelFly, Cooke Corporation). For particle analysis, short 
movies were taken at a speed of 10 frames per second (fps). After the movies were 
obtained, particle tracking analysis was performed with IDL image analysis (Research 
Systems, Inc.). IDL uses the trajectories from each sample to calculate the mean square 
displacement (MSD) for each sample. The trajectories themselves show the phase of each 
sample so that one can discriminate between glassy and fluid phase. Quantative 
properties, such as the diffusion of the particles, can be determined by calculating mean 
square displacement. The mean square displacement (MSD) is an average distance each 
particle travels. It is defined as 
 







22    (4-2) 
 
where, ri(t)- ri(0) is the vector distance traveled by a particle i over some time interval of 
length t, and N is the number of particles in a system. If the particle encounters no other 
particles, then the distance it travels would be proportional to the time interval and the 
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MSD would increase quadratically with t. In denser phases, such as the fluid phase, 
quadratic behavior holds only for a very short time interval beyond which the motion is 
better described as a random walk. As a result, the MSD increases linearly with time. 
Finally, as the system becomes solid, particles are confined by their neighbors so that the 
MSD reaches a plateau over time. 
Besides trajectories and MSD vs. time plots, we have determined the radial 
distribution function, g(r), of microgel dispersions to see their structure and the center-to-
center distance (dc-c) between particles. The radial distribution function is defined as 
follows. 
 
)(),0( rgr ⋅= ρρ      (4-3) 
 
where, ρ=N/V is the average density in the fluid of N particles in a container of volume 
V, ρ(0,r) is the probability that a particle is at a distance r when there is another particle at 
the origin of coordinates. The absence of long-range order, such as in a fluid or glassy 
phase, would show very smooth peaks like the solid line in figure 4.2-1, while a well 






Figure  4.2-1 Radial distribution function of disordered phase (solid line) and ordered 
phase of hexagonal structure (dotted line).  
 
 
4.3 Results and Discussion 
The effective volume fraction for this study was calculated by multiplying the 
shift factor and the weight percent of microgels. As mentioned in chapter 3, at pH 3.85, 
the shift factor determined by viscosity measurements and one calculated from the ratio 
[Rh/Rh(pH 3.0)]3 do not agree well. The shift factor measured by viscosity experiments is 
18.1 and the shift factor calculated from the ratio is 14.6 at 22 °C.  For comparison, both 
shift factors will be used to determine the effective volume fraction of pH 3.85 microgel 
dispersions. In all figures, the effective volume fraction calculated from the ratio 
[Rh/Rh(pH 3.0)]3 will be presented in parenthesis and denoted as φeff,calculated. 
Figure 4.3-1 shows photographs of different effective volume fractions (φeff) of 
microgel dispersions at pH 3.85. At the effective volume fraction of 0.65 seen in figure 
4.3-1(a), the microgel dispersion looks turbid that could imply a disordered structure. 
 77
Very weak color may originate from a couple layers of colloidal crystals on the glass 
surface rather than from the crystals. As the effective volume fraction of dispersions 
decreases to 0.60 (figure 4.3-1(b)), the optical properties of the samples change from 
turbid to iridescent. This change may indicate the phase transition of microgel dispersions 
from a disordered to a well-ordered structure or crystal. In figure 4.3-1(b)-(d), or φeff 
range between 0.60-0.45, crystalline phase is observed. At φeff = 0.42, a mixed phase of 
crystal and disordered is observed. Further decrease of the effective volume fraction leads 
the microgel dispersion to a disordered phase as shown in figure 4.3-1(f) (φeff= 0.37). The 
effective volume fractions calculated from the ratio [Rh/Rh(pH 3.0)]3 have a disordered 
phase at φeff,calculated= 0.52,  the crystalline phases φeff,calculated  of between 0.48-0.34 and 
fluid phase at φeff,calculated= 0.30. In any case, the melting transition of responsive microgel 
dispersions occurs at lower effective volume fraction than hard sphere. 
To see the pH effect on the phase diagram, microgel dispersions in pH 3.0 buffer 
solutions are prepared in the same manner as the microgel dispersions at pH 3.85. In 
figure 4.3-2(a), the sample is turbid implying the disordered phase. Microgel dispersions 
of pH 3.0 exhibit a change from turbid to irridescent at an effective volume fraction of 
0.66 as seen figure 4.3-2(b). The samples are crystalline phase φeff of between 0.66-0.53 
as shown in figure 4.3-2(b)-(e). The microgel dispersion is disordered phase again at φeff= 
0.49. Microgels dispersed in pH 3.0 buffer solutions have similar melting transition as 
hard sphere system. More samples (not shown here) represent the melting transition 











Figure  4.3-1 Photographs of pNIPAm-co-AAc dispersions in a rectangular glass tube. 
Photographs were taken from a range of pH 3.85 dispersions. These assemblies were 
prepared by filling the glass tube by capillary action from heated to right above the LCST 
of the microgels. The sample was then allowed to cool at room temperature and age for 
several days. (a) φeff= 0.65 (φeff,calculated=0.52), (b) φeff= 0.60 (φeff,calculated=0.48), (c) φeff = 
0.48 (φeff,calculated=0.38), (d) φeff = 0.45  (φeff,calculated=0.36), (e) φeff = 0.42 















Figure  4.3-2 Photographs of pNIPAm-co-AAc dispersions in a rectangular glass tube. 
Photographs were taken from a range of pH 3.0 dispersions. These assemblies were 
prepared in the same manner was as in Figure 4.3-1. (a) φeff= 0.71, (b) φeff= 0.66, (c) φeff = 









 The photographic images show an unusually low melting transition at pH 3.85. To 
see this phase transition of microgel dispersions at the microscopic level, the samples 
were observed under a microscope. For consistency, the middle of the samples was 
chosen to take images. Differential interference contrast (DIC) micrograph images of 
samples are presented in Figure 4.3-3. These are the same samples presented in Figure 
4.3-1. As effective volume fraction decreases, pNIPAm-co-AA microgel dispersions 
undergo a phase transition from disordered to ordered, and finally to disordered phase.  
Richtering has shown a freezing point of φeff ~ 0.59, for soft, pNIPAm microgel 
dispersions.17 The results in this study show that the freezing point of comparable 
pNIPAm-co-AAc dispersions in pH 3.0 is φeff ~0.51. The similar phase behavior at pH 
3.0 as hard sphere system suggests that the interaction between microgels in pH 3.0 
buffer solution is mainly repulsive. However, at pH 3.85, microgel dispersions show a 
stable structure (crystal) at the effective volume fraction as low as 0.42. As observed in 
some coexistence studies27-32, this unusual crystalline phase at low effective volume 
fraction can be explained by weak attractive-type interactions. In our previous study26, we 
proposed that the source for the attractive interaction is the hydrogen bonding between 
AAc-AAc and/or AAc-amide groups. However, our data indicate that partially 
deprotonated microgel dispersions play a role in the effective interaction between 
particles. Examination of the chemical structure and morphology of the pNIPAm-co-AAc 
microgels suggests that the only sources for the attractive interactions are ion-dipole 
interactions between deprotonated AAc and AAc and/or amide. According to a literature, 
the interaction energy between deprotonated AAc and AAc and/or amide were 
determined as 29.3 kcal/mol and 25.4 kcal/mol, respectively.33 Since the polymer chains 
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on the microgel surface are flexible, it would not cost too much energy for polymer 
chains to rearrange for the interaction. As a result, at pH 3.85, the attractive interactions 
through ion-dipole interaction give rise to extra stabilization to the microgels. 
To understand the phase behavior of microgel dispersions in a quantative manner, 
we acquired movies and performed particle tracking analysis. The trajectories, shown in 
figure 4.3-3, confirm the phase of dispersions as seen in the photograph images. The 
trajectories of dispersions at φeff=0.65 in figure 4.3-3(a) show disordered and confined 
structure indicating that they are glassy. Here, the particle diffusion is inhibited by their 
neighbors due to the high energy required to rearrange the particles. At the φeff of 0.60, 
the mixed phase of crystal and disordered phase is observed. The φeff of microgel 
dispersions between 0.48 and 0.45 in figure 4.3-3(c) and (d), the samples display ordered 
phases as seen in the photograph images. Interestingly, particles of lower φeff microgel 
dispersion have faster diffusion. As φeff decreases to 0.42, the diffusion of particles 
becomes larger and the particles lose crystalline structure. Some particles look like form 
short-range ordered structure composed of 4~5 particles, but the sample do not have 
long-range order. Finally, the microgel dispersion at φeff=0.37 shows disordered structure 









Figure  4.3-3 Differential interference contrast microscopy images of colloidal dispersions 
assembled from pNIPAm-co-AAc microgels dispersed in pH 3.85 (15 mM ionic strength) 
buffer solution. (a) φeff=0.65 (φeff,calculated=0.52), (b) φeff= 0.60 (φeff,calculated=0.48), (c) φeff 
=0.48 (φeff,calculated=0.38), (d) φeff=0.45  (φeff,calculated=0.36), (e) φeff =0.42 (φeff,calculated=0.34), 





Figure  4.3-4 Particle trajectories of pNIPAm-co-AAc microgel assemblies (Rh = 399 nm 
at 22 °C) dispersed in pH 3.85 (µ=15 mM) buffer solution. (a) φeff=0.65 
(φeff,calculated=0.52), (b) φeff= 0.60 (φeff,calculated=0.48), (c) φeff =0.48 (φeff,calculated=0.38), (d) 
φeff=0.45  (φeff,calculated=0.36), (e) φeff =0.42 (φeff,calculated=0.34), and (f) φeff=0.37 
(φeff,calculated=0.30). Scale bar is 10 µm. 
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The particle tracking analysis also gives MSD vs. lag time plots. In the MSD vs. 
lag time plot seen figure 4.3-5, the diffusion of microgels becomes slower as the effective 
volume fraction increases. The plot changes from straight line with a slope almost equal 
to 1 to lines which reach a plateau. This indicates that the diffusion of the system changes 
from diffusive to non-diffusive behavior. At lower effective volume fraction such as φeff= 
0.37, the microgels diffuse freely without confinement by neighboring particles. 
However, higher particle concentrations leave particles less room to move and more 
friction to overcome in order to rearrange. As a result, the diffusion at higher particle 
concentrations is slower than at lower effective volume fractions.  
The radial distribution functions, g(r), of microgel dispersions support the phase 
transitions shown so far. As the effective volume fraction increases, the structure of the 
samples change from disordered (black line) to ordered (yellow and green lines) and, 
finally, to disordered structure (purple line). With the help of micrograph images, 
trajectories and MSD vs. lag time plot, one can see that the disordered structure predicted 
in g(r) of φeff= 0.65 is, in fact, glassy phase. The microgel dispersion at φeff of 0.60 has 
smooth but distinctive peaks at distance of ~ 2.1 µm and 3.2 µm. These smooth peaks 
indicate that the dispersion has some ordered structure which has shown in trajectories in 
Figure 4.3-4(b). Well ordered arrays observed from φeff= 0.55 and 0.42 give rise to sharp 
and distinctive peaks in the plot. At φeff=0.42, the g(r) reveals that the dispersion does not 
have ordered structure. The dispersion in Figure 4.3-1 (e) has both a disordered and 
crystalline phase at the same time. Again, since the movie was taken from disordered 
phase in the sample, g(r) show fluid phase. Another disordered structure obtained from 
the sample at φeff= 0.37 originates from the fluid phase. A closer look at the trajectories 
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reveals that as the φeff of microgels decreases the first peak shifts toward larger r. Since 
the maximum position of the first peak is highly related to the average dc-c of particles, 
one can determine the distance from g(r) plot. The dc-c at different φeff is presented in 
table 4.3-1; the dc-c becomes larger as the φeff decreases. This increase of the distance may 
result from uptaking more water molecules as the samples are diluted with buffer 
solution. The microgels in the dispersions are highly concentrated so that the particles are 
close enough to interact with each other. Then, the dc-c would not be larger than 
hydrodynamic radius. For at all effective volume fractions in this experiment, the dc-c 
calculated from g(r) is larger than hydrodymic diameter, 798 nm, measured by DLS at 
the same pH and similar temperature. This is mainly due to that the effective volume 
















Figure  4.3-5 (a) MSD vs. lag time plots of microgel assemblies dispersed in pH 3.85 (15 
mM ionic strength) buffer as effective volume fraction changes. φeff= 0.65 (○, circle), 
φeff= 0.60 (□, rectangular), φeff= 0.48 (∆, upper triangle), φeff= 0.45 (∇, inverse triangle), 
φeff= 0.42 (◊, diamond) and φeff= 0.37 (⋈, bow). The straight line is a trend line. (b) 
Radial distribution function of the same microgel dispersions as (a). φeff= 0.65 (black), 










Table 4.3-1 The center-to-center distance (dc-c) distance calculated from g(r). 
φeff 0.65 0.60 0.48 0.45 0.42 0.37 










Finally, the melting points of the dispersions were measured in order to see if the 
attractive interaction changes the phase transition behavior of microgel particles in the 
dispersions. The turbidity change of microgel dispersions upon heating can be used to 
determine the melting point of microgel dispersions. According to dynamic light 
scattering experiments, the microgels deswell at 31 °C and the turbidity of microgels 
increases dramatically due to the increase of reffractive index. Figure 4.3-6 shows the 
microgel dispersion of pH 3.85 at φeff= 0.57 upon heating. The temperature was increased 
very slowly to avoid melting due to the thermal convection. This sample is crystalline at 
room temperature (not shown). As the temperature increases, the sample starts to melt at 
59 °C (figure 4.3-6(e)) and loses crystalline phase gradually. As seen in the figure 4.3-
6(f), the microgel dispersion does not melt completely even if the sample is heated up to 
62 °C. The dispersion at φeff= 0.45 (not shown) starts to lose crystalline phase at 40 °C 
and melt at 45 °C. Figure 4.3-7 illustrates a microgel dispersion of pH 3.0 at φeff= 0.53 
upon heating for comparison. The microgel dispersion of pH 3.0 starts to melt at 26 °C 
and turns completely opaque at 27 °C.  
Significantly higher melting point for crystals observed only in partially 
protonated conditions clearly implies strong attractive forces between particles under 
partially protonated conditions. This large difference between crystal melting and the 
VPT temperature suggests that the attractive interaction is strong enough to overcome the 
shrinking of polymer chains upon heating. Here, the polymer chains on the microgel 






Figure  4.3-6 Photographs of microgel dispersions of φeff= 0.57 in a glass tube at pH 3.85 
as the crystal is heated slowly. (a) 29 °C, (b) 36 °C, (c) 40 °C,  (d) 56 °C, (e) 59 °C, and 





Figure  4.3-7 Photographs of microgel dispersions of φeff= 0.53 in a glass tube at pH 3.0 as 





We presented the phase behavior of pH responsive, pNIPAm-co-AAc, microgels 
depending on the pH of the dispersions through different approaches. Photographs and 
micrograph images revealed that pH responsive microgel dispersions undergo phase 
transition from fluid to the crystal or glassy phase. MSD vs. lag time plot and the radial 
distribution function confirmed the phase transition of microgel dispersions as effective 
volume fraction increases. Above all, the unusual crystallization at low effective volume 
fraction was observed as the pH of the microgel dispersion approaches pKa of microgels 
while microgel dispersions at lower pH show a similar phase diagram as hard sphere 
system. The bulk microgel crystals close to the to pKa of AAc start to melt at much 
higher temperature than the LCST of the microgel while the bulk microgel crystals at pH 
3.0 melt completely below the LCST of the microgel. The similar phase behavior as hard 
sphere system and the bulk crystal melting suggest that the interaction between microgels 
in pH 3.0 buffer solution is mainly repulsive. This melting transition at low effective 
volume fraction can be explained by an attractive interaction. The attractive interaction is 
originated from ion-dipole interaction and/or hydrogen bonding. At pH 3.85, ion-dipole 
interaction between deprotonated AAc and AAc/amide is dominant so that the effective 
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Phase Evolution of pH Responsive Microgel Dispersions 
 
5.1 Introduction 
Colloidal assemblies have been a subject of study for both their potential 
applications such as photonic crystals,1 optical materials2, 3 and for fundamental studies of 
phase transitions in condensed matter.4-8 The nucleation and growth of colloidal crystals 
has been intensively studied to understand fundamental properties such as freezing or 
melting transitions.9-13 Hard sphere like colloidal particles such as silica, polystyrene (PS) 
and polymethylmethacrylate (PMMA) particle suspensions have been widely used as 
model systems to investigate the nucleation and growth of crystals.14-17 Models based on 
classical nucleation theory have been employed to analyze nucleation kinetics.18-20 In the 
case of dispersions of particles with long-range Coulombic interactions, the crystal size is 
found to increase linearly with time,21 whereas, for particles with short-range, hard-
sphere interactions, the size of the crystals increases by the square root with time.22 These 
and other studies have enhanced the understanding of crystallization kinetics.19, 20, 23 
However, since steady state nucleation rate is generally assumed in these works, 
comparisons between experimental results and model calculations have shown 
discrepancies that cannot be attributed to approximations of theory or uncertainties in 
experiments.22, 24 Classical nucleation theory predicts the increase of nucleation rate20, 22 
as the volume fraction increases while the experimental results show the colloidal 
nucleation rate increases as the volume fraction increases and then the rate decreases 
above a certain volume fraction.13, 18 Model calculations by the Zukoski group suggest 
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that the nucleation rate, crystal growth velocity and induction time are affected by the 
decrease in the background monomer volume fraction as crystallization progresses.25 
Also, it is observed that above the melting point volume fraction, crystal growth appears 
to be suppressed by high nucleation rate.13, 26
Recently, responsive microgels have gained interest as a new building block for 
colloidal self-assemblies. When the building block is thermoresponsive material, the 
phase of the microgel dispersions is determined not only by the effective volume fraction 
of a dispersion but also by the temperature.27 Thermoresponsivity affects on the optical 
properties28 and results in interesting melting transitions.14 Finally, the Bragg peaks of 
such assemblies can be easily tuned by changing the water content in the microgel 
assemblies.29  
In the previous chapter, we have shown that pH responsive microgel, pNIPAm-
co-AAc), dispersions exhibited crystals at unusually low effective volume fractions as the 
microgel dispersions approach pKa of the AAc. The microgel dispersions at pH 3.85 form 
a well ordered structure as low as φeff=0.42, while the same microgels redispersed in pH 
3.0 buffer show the ordered-to-disordered transition at φeff=0.51. Short-range, cooperative 
weak attractive forces between particles were proposed to explain the melting transition 
at low effective volume fraction of dispersions at the pH close to pKa. The origins of the 
attractive force between particles are the ion-dipole interaction and/or the hydrogen 
bonding. The bulk crystal melting transition dependency on the pH supported our 
hypothesis. At pH 3.85, the crystal of φeff =0.57 started to lose crystallinity at 59 °C that 
is much higher than LCST of microgel, while the microgel crystal of φeff=0.53 at pH 3.0 
completely melt at 27 °C. This huge increase of crystal stability shown by the pH 3.85 
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sample data can be attributed to the attractive interaction between microgel particles. One 
can imagine that different energetics due to the attractive interaction would also affect the 
dynamics of samples. In this chapter, our goal is to explore the dynamics of pH 
responsive microgel dispersions over time to understand how energetics governs the 
dynamics of pH responsive microgel dispersions. Different pH values are chosen for this 
study: pH 3.0 (15 mM ionic strength) for fully protonated microgels and pH 3.85 (15 mM 
ionic strength) for partially deprotonated microgels. Fully protonated microgels have few 
sources for the attractive interaction while partially protonated microgels have sources for 
both hydrogen bonding and ion-dipole interaction. First, phase evolutions of samples at 
different pHs are studied. We observe the microgel dispersions of a variety of effective 
volume fractions at different pHs. Second, microscope images and trajectories are 
presented to investigate the phase evolution at the microscopic level. Third, mean square 
displacement (MSD) data are presented for quantative analysis. Two different spots are 
chosen to see spatially heterogeneous nature of the samples. Also, MSD data calculated 
from pH 3.0 dispersions are presented for comparison. Fourth, the radial distribution 
function shows the structural change of evolving samples. Then, we will discuss the 
phase and particle diffusion dependency on the position during crystal growth. For this 
experiment, several spots in a sample are chosen during crystallization processes. Finally, 
the melting transition of bulk samples is discussed. In chapter 4, the pH dependency on 
the bulk crystal melting was presented. In this study, we also investigate the bulk sample 
melting dependency on the phase of dispersions.  
5.2 Experimental 
Materials and Particle Synthesis. See chapter 2 for details. 
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Crystal Assembly. The purified microgels were freeze-dried and redispersed in 
buffer solution of desired pH and ionic strength. Once the microgels were redispersed 
completely, the dispersions at pH 3.85 was centrifuged at 29 °C at a relative centrifugal 
force (RCF) of 16,100 g for 1 hour; the microgels redispersed in pH 3.0 buffer solution 
were centrifuged at a RCF of 13,000 g at 4 °C for 30 minutes to avoid aggregation. After 
centrifugation, the supernatant water was removed to isolate the particle pellet. Diluted 
crystal samples were prepared by adding the same buffer solutions as above to the pellet 
in the centrifuge tube while maintaining the ionic strength of samples at 15 mM. After 
dilution, the samples were place on the shaker table over night to redisperse the microgels 
completely. The crystals were transferred into Vitrotube borosilicate rectangular 
capillaries (0.1 mm × 2.0 mm × 50 mm) by capillary action to observe the microgels 
under a microscope.  
Microscopy. Differential interference contrast (DIC) images were taken with an 
Olympus IX-70 inverted microscope using standard DIC optics. An Olympus 100× oil 
immersion objective (UplanFl 1.30 NA) was utilized to obtain images. Micrograph 
images and movies were taken at 1/10s interval using black and white CCD camera 
(Cooke Corp.). At this magnification and camera type, the 1280 × 1024 pixel field of 
view corresponds to a visible area of ~78.5 µm × 63 µm. To avoid any perturbations 
associated with interactions mediated by the glass surface, the movies were taken at the 
depth of ~30 µm from the wall of the sample holder. The 15-second movies were taken 
on the day the microgel particles are transferred to the glass tube (day 0), the next day 
(day 1) and so on to investigate the evolution of microgel assemblies over time. For all 
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samples, movies were taken from two different spots to observe kinetics at different 
areas. The two spots were 25 mm and 12.5 mm from the end of the tube. 
Effective Volume Fraction Calculation. The details are described in the chapter 3. 
The shift factors of pH 3.0 and 3.85 used in this experiment are 12.3 and 18.1, 
respectively. The effective volume fraction for this study was calculated by multiplying 
the shift factor and the weight percent of microgels. As mentioned in chapter 3, at pH 
3.85, the shift factor determined by viscosity measurements and one calculated from the 
ratio [Rh/Rh(pH 3.0)]3 do not agree well. The shift factor measured by viscosity 
experiments is 18.1 and the shift factor calculated from the ratio is 14.6 at 22 °C.  For 
comparison, both shift factors will be used to determine the effective volume fraction of 
pH 3.85 microgel dispersions. In all figures, the effective volume fraction calculated from 
the ratio [Rh/Rh(pH 3.0)]3 will be presented in parenthesis and the effective volume 
fraction will be denoted as φeff,calculated. 
Particle Tracking Analysis. The details of particle tracking analysis and MSD 
calculations are described in chapter 4.2. Besides trajectories and MSD vs. time plots, the 
radial distribution function, g(r), was calculated to analyze the structure of particles in a 
system. Since the radial distribution function represents the probability of finding 
particles at a distance r, g(r) allows calculating the average center-to-center distance (dc-c) 
between particles in the dispersion.  
 
5.3 Results and Discussion 
Figure 5.3-1 and 5.3-2 show the time evolution of microgel dispersions at 
different pH values. The photographs were taken from the same sample over time for 
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each figure to observe the change of phases. In figure 5.3-1, the microgels are dispersed 
in pH 3.85 buffer and the sample has an φeff=0.48 (φeff,calculated =0.38). At day 0, the sample 
is turbid implying a disordered structure. Interestingly, at day 1 and 2, the crystals form 
from the ends of the sample and grow toward the middle of the sample over time. The 
interface between the disordered and ordered phase is clearly seen. By day 3, the 
dispersion crystallizes completely and after day 3 the sample does not change 
dramatically. Other effective volume fraction samples, φeff=0.57 (φeff,calculated =0.46) and 
φeff =0.45 (φeff,calculated =0.36), show similar crystallization process. Higher volume fraction 
dispersion (φeff=0.65, φeff,calculated=0.52, not shown) does not change its phase but the 
sample changes from turbid to clear over time. At φeff =0.42 (φeff,calculated=0.34, not 
shown), the crystals grow from the ends of the sample and only part of the sample 
remains as a crystalline phase and does not evolve after day 1. The dispersions at φeff 
=0.37 (φeff,calculated =0.30, not shown) is disordered phase at day 0 and the phase does not 
change over time. This sample changes from turbid to clear as seen at φeff=0.65 
(φeff,calculated =0.52).  Figure 5.3-2 represents the pNIPAm-co-AAc microgels redispersed 
in pH 3.0 buffer and the sample has an φeff=0.53. Figure 5.3-2(a) shows that freshly made 
sample is turbid i.e. the sample has a disordered structure. In 1 day (figure 5.3-2(b)), the 
crystals grow from the ends of the sample, but the interface is not as clear as in figure 
5.3-1. At day 2, the sample is homogeneously crystalline and after 3 days the sample does 
not change significantly. For pH 3.0 microgel dispersions, φeff =0.66, φeff =0.62 and φeff 
=0.58 (not shown) show similar crystallization as figure 5.3-2. The dispersions of φeff 









Figure  5.3-1 Photographs of pNIPAm-co-AAc dispersions in a rectangular glass tube 
upon aging. These photographs were taken from φeff = 0.48 (φeff,calculated =0.38) microgel 
dispersion at pH 3.85. These assemblies were prepared by filling the tube by depletion 
force from heated to right above the LCST of the microgels. The sample was then 
allowed to cool at room temperature and age at room temperature (22 °C). DIC images 
and movies are taken from two different spots; one at 25 mm from the endend and 
another at 12.5 mm from the endend. Black circle and white circle indicate 25 mm and 
12.5 mm from the endend respectively. (a) day 0, (b) day 1, (c) day 2, (d) day 3, (e) day 























Figure  5.3-2 Photographs of pNIPAm-co-AAc dispersions in rectangular glass tubes over 
time. These photographs were taken from φeff = 0.53 microgel dispersion at pH 3.0. These 
assemblies were prepared in the same manner as pH 3.85 samples. (a) day 0, (b) day 1, 










The phase evolution observed from figure 5.3-1 suggests that microgels in pH 
3.85 dispersions form nuclei at the ends of sample and the crystals grow toward the 
middle (fluid phase). Even though the ends of samples are sealed with epoxy glue, there 
is some air contact with the dispersions. Microgels at the three-phase interfaces can form 
nuclei via the depletion force. The microgels near by the nuclei collide with nuclei and 
they adsorb on the nuclei resulting in crystals. Once the crystals form, microgels 
crystallize in the same manner as crystal growth from the nuclei at the ends. If the 
effective interaction is purely repulsive, the microgels still collide due to thermal motion 
but they would redisperse due to low particle density. The attractive interaction is weak 
so that multiple particles should be involved to form an ordered structure. We proposed 
that the source of the attractive interactions are dipole interaction and/or hydrogen 
bonding in the previous chapter.  
To study the phase transitions of microgel dispersions at the microscopic level, 
the sample shown in figure 5.3-1 was observed on an optical microscope. Figure 5.3-3 
shows DIC images and trajectories obtained at 25 mm from the end (black circle in figure 
5.3-1), 0, 2, 3 and 4 days after the sample preparation. DIC images in column (i) show 
that the dispersion changes the phase dramatically from a disordered to an ordered phase 
at day 2 (figure 5.3-3(c)). The trajectories present much more interesting results. At 0 day 
and 1 day (not shown here), the trajectories show that the microgel dispersion has a 
disordered phase with high diffusion, i.e. a fluid phase. Two days after the sample 
preparation, the sample still has a disordered phase. However, the diffusion of particles 
drops dramatically as seen in figure 5.3-3(b). A closer look reveals that the motion of 
some particles is restricted like particles in a solid phase. At this state, short-range orders 
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are not observed yet. At day 3, particles form well-ordered arrays and have slower 
diffusion than the previous day. After day 3, there is no change of the phase and particle 
motion becomes more restricted. DIC images and the trajectories confirm the phase 
transition from a fluid phase to crystalline phase seen photographs. Also, the trajectories 
imply that the dynamics of the phase transition is slow. 
DIC images and the trajectories show that the microgel particle diffusion becomes 
slower before the microgel particles crystallize. The photographs in figure 5.3-1 show 
that crystals nucleation occurs at the ends of samples. Micrograph images and DIC 
suggest that microgel particles decrease particle diffusion, become restricted and finally 










Figure  5.3-3 Column (i) DIC micrograph images of pNIPAm-co-AAc microgel 
dispersion over time. The microgels are dispersed in pH 3.85 buffer and this sample has 
φeff =0.48  (φeff,calculated =0.38). Column (ii) the trajectories of microgel dispersion obtained 
by performing the particle tracking analysis. Panel (a) day 0, (b) day 2, (c) day 3, and (d) 
day 4. Scale bar is 10 µm. 
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 Once the trajectories of samples are obtained, the mean-squared displacement 
(MSD) is calculated for a quantative analysis. Movies were taken from two different 
spots, at 25 mm (black circle in figure 5.3-1) and 12.5 mm (white circle in figure 5.3-1) 
from the ends, to see the dynamics of microgel particles depending on the position. 
Figure 5.3-4 shows the MSD vs. lag time plots of microgels at pH 3.85 at 25 mm from 
the sample end. For most samples, the diffusion of particles decreases dramatically over 
time. The DIC images (not shown) of microgel dispersion at φeff=0.65  (φeff,calculated=0.52) 
show a disordered structure and the phase of the sample did not change over time. MSD 
data in figure 5.3-4(a) implies that this sample changes the phase from a fluid to a glassy 
phase at day 2. At the effective volume fraction range between 0.57 ~ 0.45 (φeff,calculated 
=0.46~36, figure 5.3-4(b)~(d)), the graphs show slow crystallization. At day 0, the plots 
of all three samples have straight lines with a slope of ~ 1. This indicates the diffusion of 
particles in these samples is Brownian, i.e. the particles are thermally active and move in 
random walk fashion. At the φeff of 0.57 (φeff,calculated =0.46), the microgel dispersion forms 
an ordered structure at day 2. For φeff=0.48 (φeff,calculated=0.38, figure 5.3-4(c)), the particle 
diffusion shows liquid-like behavior up to day 2 even though the diffusion of particles is 
much slower than the previous day. At day 3, the diffusion of particles becomes much 
slower than day 2, and the structure of the sample changes from a disordered to an 
ordered structure. Figure 5.3-4(d) shows that the microgel self-assembly at φeff=0.45 
(φeff,calculated =0.36) displays a phase transition from a disordered to ordered structure at 
day 4. In figure 5.3-4(e) and (f), microgel dispersions of effective volume fraction 0.42 
and 0.37  (φeff,calculated =0.34 and 0.30) do not form crystals after aging but the diffusion of 
particles decreases order of magnitude after day 2.  
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Figure 5.3-5 shows the MSD vs. lag time plots of microgel dispersions of pH 3.85 
at 12.5 mm. The diffusion of particles also drops dramatically as seen figure 5.3-4 during 
aging. However, figures 5.3-5(b)~(d) show that the transition occurs 24 hours after the 
sample preparation. A more interesting result is observed in figure 5.3-5(e) where the φeff 
is  0.42 (φeff,calculated =0.34). The microgel dispersion is fluid-like at day 0 and the diffusion 
decreases on day 1. Unlike other MSD plots, this sample does not change its phase nor 
decreases diffusion dramatically over time. It seems that this sample forms a mixed phase 
microscopically at day 1 and the crystals do not grow more at this effective volume 
fraction. As a result, the diffusion of particles after day 1 is dependent on the phase. At 
the φeff of 0.37 (φeff,calculated =0.30), the diffusion changes but the phase of the dispersions 
remains as a disordered phase. 
The next two figures present the MSD vs. lag time plots for microgels dispersed 
in pH 3.0 buffer solutions. Microgel dispersions with φeff=0.80 and φeff=0.47 do not show 
dramatic changes in particle diffusion over time. DIC images (not shown) and MSD data 
show that the microgel dispersions with φeff =0.80 is in a glassy phase and the microgel 
with φeff =0.47 is in a fluid phase. The MSD plots in figure 5.3-6 and 5.3-7 show that the 
dispersions with φeff =0.66~0.51 decrease the diffusion ~ 2 order of magnitude over time. 
The microgel dispersions here show further decrease of diffusion even after samples form 
a well-ordered structure while the pH 3.85 dispersions did not evolve more once they 
form crystals. Compared to the results observed the pH 3.85 dispersions (e.g. figures 5.3-
4 and 5.3-5), microgels dispersed in pH 3.0 buffer do not show large differences in 
behavior between 25 mm and 12.5mm.  
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As a model system for purely repulsive interaction, pNIPAm (2% BIS) microgels 
are redispersed in the water and the phase evolution are studied. Figure 5.3-8 shows the 
MDS data obtained from pNIPAm microgel dispersions where there is no attractive 
interaction due to ion-dipole interaction. These samples are spatially heterogeneous and 
evolve their diffusion much less significantly than pNIPAm-co-AAc microgels shown 
earlier.  
MSD data indicated that microgel dispersions at the presence of attractive 
interaction sources showed slow crystallization processes. Also, particle diffusion 
decreases as the microgels are closer to crystalline phase. And the data show that the 
crystallization and the diffusion of two different spots are different. These data agree well 
the crystal nucleation and growth proposed earlier. Microgels at the ends of samples can 
form nuclei via depletion force at three-phase interface of water, air, and glass and 
crystals grow toward the bulk fluid by templating the existing crystals. In the presence of 
an attractive force, once nuclei form, microgels in the fluid phase collide with nuclei and 
many of them become crystals rather than dissolving into the fluid phase again. Next, we 
investigate the structural changes by investigating the radial distribution function over 
time. 








Figure  5.3-4 The MSD evolution of pNIPAm-co-AAc microgel dispersions upon aging. 
The microgels are dispersed in pH 3.85 buffer solution. The movies were recorded at 25 
mm from the ends. (a) φeff =0.65 (φeff,calculated =0.52), (b) φeff =0.57 (φeff,calculated =0.46), (c) 
φeff =0.48  (φeff,calculated =0.38), (d) φeff =0.45 (φeff,calculated =0.36), (e) φeff =0.42 (φeff,calculated 
=0.34), and (f) φeff =0.37 (φeff calculated=0.30). The trend lines have slope 1 and indicate free 
Brownian diffusion. The φeff,calculated in parenthesis are  the effective volume fraction 
determined by calculated shift factor and the weight percent of dispersions. The details on 




Figure  5.3-5. The MSD evolution of pNIPAm-co-AAc microgel dispersions upon aging. 
The microgels are redispersed in pH 3.85 buffer solution. The movies were recorded at 
12.5 mm from the end. (a) φeff =0.65 (φeff,calculated =0.52), (b) φeff =0.57 (φeff,calculated =0.46), 
(c) φeff =0.48  (φeff,calculated =0.38), (d) φeff=0.45 (φeff,calculated =0.36), (e) φeff =0.42 




Figure  5.3-6 The MSD evolution of pNIPAm-co-AAc microgel dispersions upon aging. 
The microgels are redispersed in pH 3.0 buffer solution. The movies were recorded at 25 
mm from the ends. (a) φeff=0.80, (b) φeff=0.66, (c) φeff =0.62, (d) φeff =0.58, (e) φeff=0.51, 







Figure  5.3-7 The MSD evolution of pNIPAm-co-AAc microgel dispersions upon aging. 
The microgels are redispersed in pH 3.0 buffer solution. The movies were recorded at 
12.5 mm from the end. (a) φeff=0.80, (b) φeff=0.66, (c) φeff =0.62, (d) φeff =0.58, (e) 










Figure  5.3-8 The MSD evolution of pNIPAm microgel dispersions upon aging. The 
microgels are redispersed in water. (a) φeff =0.67, 25 mm from the end, (b) φeff =0.67, 12.5 









Figure 5.3-9 presents the radial distribution function, g(r), vs. distance plot of the 
pH 3.85 dispersion at φeff =0.48 (φeff,calculated =0.38). The results for g(r) support the results 
presented in trajectories and MSD plots. The microgel assemblies show peak intensity 
growth and decreases in peak width over time. Higher order peaks appear after day 2 
showing that the sample becomes organized. The first peak in the g(r) vs. distance plot 
can give dc-c in microgel dispersion. An interesting observation is that the first peak 
position does not change over time indicating that the dc-c remains constant. This result 
indicates the particle density of each aging stage is constant even though the phase of the 
sample changes from a fluid to a crystal. The distance is 1.14 µm which is larger than the 
diameter determined by PCS (~ 0.8 µm). 
 
 
Figure  5.3-9 Radial distribution of microgel assemblies over time. φeff =  0.48 (φeff,calculated 
=0.38), at pH=3.85. 0 day (black), 1 day (gray), 2 day (blue), 3 day (red), 4 day (green), 7 
day (purple) and 21 day (sky blue). 
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During crystal growth, microgel dispersions exhibit three different phases; a bulk 
crystal, a bulk fluid, and a interface between fluid and crystal (see figure 5.3-1(b) and 
(c)). Here, we will explore the particle diffusion along the sample and look closely the 
diffusion of microgels at the interfaces. For this experiment, the movies were recorded at 
every 2 mm for example, 25 mm from the end, 23 mm, 21 mm etc. At the interfaces, 
movies were taken from three different structures, a disordered, a mixed and an ordered 
phase, to compare the motion of particles at these phases to bulk fluid or bulk crystals. 
Also, a couple of movies were taken from a disordered phase at the interface for 5 
minutes intervals to observe the crystal growth.  
Figure 5.3-10 shows the three different structures observed at the interface at day 
0. In figure 5.3-10(a), the majority of the microgel particles form a disordered structure 
and some particles have a short-range order. The diffusion of particles here is slower than 
the diffusion of particle in the bulk fluid (figure 5.3-3(a)). Figure 5.3-10(b) has the mixed 
phase of an ordered and a disordered structure. In the mixed phase, the particles in the 
ordered phase have slower diffusion than ones in a disordered phase. In figure 5.3-10(c), 
the sample is mainly composed of an ordered structure. Compared to the diffusion of 
particles in the bulk crystals shown in figure 5.3-3(c), the particles in figure 5.3-10(c) 
have a smaller crystal size and faster diffusion. These results reveal the gradient of 
diffusion along the sample. In figure 5.3-11, the radial distribution function for a 0 day 
old dispersion also support the results seen the trajectories. Microgels in the bulk fluid 
(25 mm) do not show structure, while bulk crystals (7 mm) have an ordered structure. 
The structures of interface are intermediate between bulk fluid and bulk crystals. 
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Figure 5.3-12 shows the crystal growth of microgels at the interface. Here, the 
trajectories in figure 5.3-12(a) are obtained from a disordered phase near from the 
interface. Compared to bulk fluid phase (see figure 5.3-3(a)), microgels in this disordered 
phase has slower diffusion. Some particles are diffusive but the motion of many particles 
is prohibited by neighbor particles. Some restricted particles even form short-range 
ordered structures which consist of several microgel particles. In 5 minutes, the next 
movie was recorded at the same spot as (a). In figure 5.3-12(b), several tiny crystals 
composed of 30~50 microgels appear on the left side of the image. Another 5 minutes 
later, seen in figure 5.3-12(c), the crystals shown figure (b) become larger and more new 
crystals appear.  
The MSD vs. lag time plot calculated from different spots at different aging stage 
is presented in figure 5.3-13. At day 0, microgel particles between from 25 mm to 11mm 
have a fluid phase and the interface exists between 11 mm and 9 mm. The microgels 
form a well-ordered phase between 9 mm and the end. The disordered phase at the 
interface has slower diffusion than bulk fluid phase and the diffusion of the ordered phase 
at the interface is faster than bulk crystals as mentioned earlier. After day 1, figure 5.3-
13(b), the crystals grow more so that the interface moves toward the middle. Now, the 
interface exhibits between 19 mm and 17 mm. As seen above, the diffusion of particles at 
the interface is between bulk fluid and bulk crystals. At day 2 (figure 5.3-13(c)), the 
crystals grow more and the interface moves further. The diffusion of bulk fluid not only 
decreases but also the slope of the MSD plot deviates from a straight line of slope 1. 
These changes indicate that particles in the bulk fluid at day 2 start to be restricted.  
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Figure  5.3-10 Particle trajectories of pNIPAm-co-AAc microgels (Rh=399 nm at 22 °C) 
dispersed in pH 3.85 (15 mM ionic strength) buffer solution at day 0. This dispersion has 
φeff=0.48 (φeff,calculated=0.38). The movies were recorded at the interface of crystal and 
fluid phases. At day 0, this interface exists between 11 and 9 mm from the end. (a) 
Disordered phase, (b) mixed phase of a disordered and an ordered phase, and (c) ordered 







Figure  5.3-11 Radial distribution function of 0 day old sample at different positions. 
Responsive microgel, pNIPAm-co-AAc, are redispersed in pH 3.85 buffer and this 
sample has φeff =0.48 (φeff,calculated=0.38). The interface exists between 11 mm and 9 mm 








Figure  5.3-12 Crystal growth of pNIPAm-co-AAc microgels (Rh = 399 nm at 22 °C) at 
the interface of crystal and fluid. The microgels are redispersed in pH 3.85 (15 mM ionic 
strength) buffer solution. This dispersion has φeff =0.48 (φeff,calculated=0.38). These 
trajectories are obtained at the interface at day 1. (a) 0 minute, (b) 5 minutes after (a), and 




Figure  5.3-13 The MSD vs, lag time plot calculated from different positions over time. 
The microgels have φeff =0.48 and are redispersed in pH 3.85 buffer solution. (a) 0 day, 
(b) 1 day, and (c) 2 day. The straight lines are trend lines with a slope of 1. 
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  The results shown so far suggest that in the presence of attractive forces the 
crystal nucleation occurs at the ends of the samples and crystals grow slowly. Colloidal 
particles dispersed in a medium undergo constant Brownian motion due to their random 
collisions with the solvent molecules and have thermal (kinetic) energies of the order of 
kBT. In traditional nucleation and growth theory, the ordering of any system is basically 
due to competition between the interaction energy U0 and thermal energy kBT.  
Crystal nuclei are created by random particle collisions with the help of the 
depletion force and they develop by templating the existing crystals. As seen in figure 
5.3-10, the interface has three different phases; a disordered, a mixed and a ordered 
phase. In terms of the diffusion, there is a difference between the disordered phase at the 
interface and at the bulk fluid. Also, there is a difference between particle diffusion in the 
bulk crystals and the diffusion in the crystals at the interface. The results are shown in 
figure 5.3-13(a) and this suggests that there is a diffusion gradient along the sample. The 
MSD data shown in the figure support the crystals growth hypothesis that we proposed 
earlier. Once the microgels form nuclei at the ends of the samples via depletion force, the 
nuclei grow and form crystals. These crystals grow by collision of microgels in a 
disordered phase onto the crystals. Since the attractive interaction is weak, the number of 
particles in the crystals should be much larger than 2 so that the microgels can crystallize 
via multiple weak attractive interactions. Without attractive interactions, microgels 
collide with crystals and redissolve into the disordered phase.  
The AAc mediated stabilization could change the bulk melting transition that 
occurs upon heating. Here, the attractive interaction hinders the deswelling behavior of 
the microgel in crystals when the system is heated. Figure 5.3-14 ~16 show the melting 
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transition of pNIPAm-co-AAc microgel dispersions at φeff = 0.57 (φeff,calculated =0.46) and 
pH 3.85. Figure 5.3-14, 15 and 16 represent 0 day, 1 day and 9 day old sample 
respectively. At day 0 (figure 5.3-14), the sample has a disordered phase at room 
temperature. As the sample is heated, the microgel dispersion turns completely opaque at 
31 °C, which is the volume phase transition temperature of microgels. In 1 day, the 
microgel dispersion shows crystalline phase forming at the end of the sample and a 
disordered phase in the middle as in figure 5.3-15. As 1 day old sample is heated, the 
disordered part of the sample turns opaque at 33 °C while the crystalline phase is intact 
up to 55 °C. The crystalline phase starts to melt at 55 °C and the sample still does not 
turn completely opaque at 62°C. The well-aged sample in figure 5.3-16 shows that the 
crystals start to melt at 59 °C. Here, the polymer chains on the microgel surfaces may 
rearrange to have the conformation for the attractive interactions. Once the microgels 
stabilize and reach at the minimum of potential energy, the interaction between microgels 
is strong enough to overcome the deswelling upon heating.  
The pH dependence of the melting transition of the microgel crystals is also 
studied. Figure 5.3-17 show the microgel crystals at φeff =0.53 which is 7 day old. The 
crystal starts to become turbid at 26 °C and turns completely opaque at 27 °C. At pH 3.0, 
where most AAc groups are protonated and the attractive interaction is much weaker than 
pH 3.85. The results show that the attractive interaction due to the hydrogen bonding may 







Figure  5.3-14 Melting transition of microgel dispersions of φeff= 0.57  (φeff,calculated =0.46) 
in a glass tube at pH 3.85 as the sample is heated slowly. These photos are taken at day 0 
and the sample is disordered. (a) 25 °C, (b) 27 °C, (c) 29 °C, (d) 30 °C, (e) 31 °C, (f) 





Figure  5.3-15 Melting transition of microgel dispersions of φeff= 0.57  (φeff,calculated =0.46) 
in a glass tube at pH 3.85 as the sample is heated slowly. This sample is 1 day old and has 








Figure  5.3-16 Photographs of microgel dispersions of φeff= 0.57  (φeff,calculated =0.46) in a 
glass tube at pH 3.85 as the sample is heated slowly. This sample is 9 day old and 
crystallization is completed. (a) 29 °C, (b) 36 °C, (c) 40 °C,  (d) 56 °C, (e) 59 °C, and (f) 





Figure  5.3-17 The melting transition of pNIPAm-co-AAc crystal dispersed in pH 3.0 
buffer. The effective volume fraction of this crystal is 0.53 and this is 7 days old. (a) 20 
°C, (b) 23 °C, (c) 25 °C, (d) 26 °C, and (e) 27 °C. The scale bar is 5 mm. 
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5.4 Conclusions 
In this chapter, we investigated the phase evolution of pH responsive microgel 
dispersions. At pH 3.0, dispersions range of φeff=0.66~0.51 show crystals. The crystals 
grow from the ends but the interface during crystallization is not that clear. However, at 
pH 3.85, crystals are observed from the dispersions of φeff=0.57~0.42 (φeff,calculated 
=0.46~0.34). Photographs, DIC images, MSD data, and radial distribution functions show 
that the samples have an interesting nucleation and crystal growth. These results suggest 
that the nucleation occurs at the ends of sample and microgels form crystals by 
templating the existing crystals. The nuclei form at the three phases of the air, the glass 
surface and the dispersion by depletion force. The microgels in a disordered phase adsorb 
on the existing crystals via attractive interaction. At the lower effective volume fraction 
below the hard sphere melting, particles cannot form crystals without any attraction 
interactions. The melting point of bulk samples strongly depends the phase and pH of the 
dispersions. The surprisingly high melting point of pH 3.85 crystals suggests that the 
attractive interaction between particles stabilize particles and the interaction between 
particles is strong enough to overcome the deswelling upon heating. In summary, by 
introducing a weak attractive force to the soft repulsion, we were able to observe a 
complex phase behavior. Also, this weak attractive interaction resulted in slow crystal 
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Numerous theoretical and experimental studies on the phase behavior of colloidal 
dispersions have been performed for both practical applications1-9 and fundamental 
studies.10-19 The simplest colloids are solid, spherical particles, such as, polystyrene, 
polymethylmethacrylate (PMMA) or silica spheres. These are hard and impenetrable 
spheres so that the main interaction between particles is a steric repulsion. The phase of 
such dispersions is mainly determined by the volume fraction of a system.10 Due to this 
simple interaction potential, the phase behavior10 and the kinetics of crystallization20-24 of 
such dispersions have been extensively investigated. Soft spheres can provide more 
complex interaction potentials and richer phase behaviors. Neutral star polymers have 
been widely utilized to calculate the soft sphere interactions since they display tunable 
softness in their conformations and associated effective potentials.25-30 Closely related to 
neutral star polymers are networks composed by polyelectrolyte chains. Lowen and 
coworkers and Denton have focused on polyelectrolyte stars and ionic microgels as a 
model system to study ultra soft interactions.31-37 The theoretical calculations predicted 
that the interaction potential of polyelectrolyte stars33, 38 and ionic microgels32, 39 is 
dependent on the density as neutral star polymers. When the center-to-center distance is 
longer than particle diameter, the interaction force between particles is found to be 
Coulombic repulsion. However, when center-to-center distance between particles is 
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shorter than the particle diameter, the interaction is ultra-soft repulsive due to the 
interpenetration of polymer chains. This chain penetration is explained by the entropic 
contribution of the trapped counterions.35, 36, 39 Theory combined with a general algorithm 
presented the ultra-soft interaction potential results into an unusual phase diagram 
including reentrance melting transition and more open crystalline structures such as 
body-centered-cubic (bcc), body-centered-orthogonal (bco), and hexagonal structure.32, 39  
Our group prepared uniform spherical poly(N-isopropylacrylamide-co-acrylic 
acid) (pNIPAm-co-AAc) microgels and has shown that the microgels have pH 
responsivity. At pH below pKa of AAc (such as at pH=3.0), AAc groups in the microgel 
are protonated and the microgels exhibit a similar volume phase transition to pNIPAm 
homopolymer microgels as seen figure 3.2-1 in chapter 3. As the pH of microgel 
dispersions increase, AAc molecules begin to be deprotonated. The deprotonation 
continues as pH of microgel dispersion exceeds pKa of AAc. This deprotonation results in 
charges in the polymer chains and the microgels swell by uptaking more water molecules 
inside the microgels due to the electrostatic interaction of charged polymer chains and the 
osmotic pressure from counterions inside the microgels. For the charged microgels, the 
volume phase transition temperature is shifted toward higher temperature due to the 
Coulombic repulsion between charged polymer chains. Figure 6.1-1 represents typical 
volume phase transition curves obtained from pNIPAm-co-AAc microgels dispersed in 
different pH buffer solutions. The hydrodynamic radii are dependent on the pH of the 
dispersions as mentioned earlier. The figure also shows that the volume phase transition 
is shifted toward higher temperature as the pH of dispersion increases.  
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In the previous chapters, we investigated the phase behavior and the phase 
evolution of pH responsive, pNIPAm-co-AAc, microgels dispersions at different pH 
values. At pH 3.0, microgel dispersions display an order-to-disorder transition at 
φeff=0.51. This phase transition is similar to hard sphere phase transition.10 As the pH of 
dispersion approaches the pKa of AAc (eg. pH=3.85), an order-to-disorder transition 
occurs at φeff=0.42 that is lower than the phase transition of hard spheres. At pH=3.85, the 
microgel dispersions show very slow crystallization and the crystals grew exclusively 
from the ends of the samples. The melting point of bulk crystals upon heating also is 
dependent on the pH. The microgel crystals close to the to pKa of AAc start to melt at 
much higher temperature than the LCST of the microgel while the microgel crystals at 
pH 3.0 melt completely below the LCST of the microgel. The similar phase behavior as 
hard sphere system and the bulk crystal melting suggest that the interaction between 
microgels in pH 3.0 buffer solution is mainly repulsive. The hydrogen bonding from 
AAc-AAc and/or AAc-amide may contribute to the effective interaction between 
particles but the results imply that this interaction is not dominant at this pH. However, at 
pH 3.85, microgel dispersions show a stable structure (crystal) at the effective volume 
fraction as low as 0.42. As observed in some coexistence studies,40-45 this unusual 
crystalline phase at low effective volume fraction can be explained by weak short-range 
attractive interactions. In our previous study,46 we proposed that the source for the 
attractive interaction is the hydrogen bonding between AAc-AAc and/or AAc-amide 
groups. The results shown in the chapter 4 and 5 indicate that partially deprotonated 
microgel dispersions play a role in the effective interaction between particles. 
Examination of the chemical structure and morphology of the pNIPAm-co-AAc 
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microgels suggests that the only sources for the attractive interactions are an ion-dipole 
interaction and/or hydrogen bonding. The interaction energy between deprotonated AAc 
and AAc and/or amide were determined as 29.3 kcal/mol and 25.4 kcal/mol, 
respectively.47 A theoretical calculation predicted that the AAc-AAc and/or AAc-amide 
hydrogen bonding to be 2~15 kcal/mol.48 These results support that as the pH of 
dispersion approaches the pKa, the ion-dipole interactions become dominant and the 
interactions are strong enough for microgels to form an ordered structure at lower 
effective volume fraction than hard sphere melting point. 
In this chapter, we investigate the phase behavior of microgel dispersions at 
higher pH than pKa of AAc where most AAc groups are deprotonated. Particular 
emphasis will be placed on the concentration effect on phase behavior and the dynamics 
of charged microgel dispersions. To study phase behavior of microgel dispersions, DIC 
micrograph images and particle trajectories will be obtained. The radial distribution 
function also will be used to determine the structure of microgel dispersions. Mean 




Microgel Synthesis and Characterization Chapter 2.2 covers details of this issue. 
The microgel solution was filtered and purified by centrifugation and redistribution at 
least three times to get rid of unreacted monomers and soluble oligomers. The purified 
pNIPAm-co-AAc microgel dispersion was freeze-dried over night then the freeze-dried 
microgels were redispersed in buffer solutions of desired pH. Buffer solution of pH 6.5  
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(ionic strength=100 mM) was used for the experiments and relative high concentration 
was chosen for stable pH. Once the microgels are redispersed completely, the redispersed 
sample was centrifuged at 29 °C at a relative centrifugal force (RCF) 16,100 g for 1 hour. 
The centrifuged microgel assemblies were diluted by adding buffer solution to achieve 
desired weight percent for the further experiments. The diluted samples were placed on 
the shaker table overnight to redisperse the microgels completely. The microgel 
dispersions were transferred into rectangular glass tubes (Vitrotube, 0.1 mm × 2.0 mm × 
50 mm) for observation under a microscope.   
Effective Volume Fraction Determination The details of the shift factor 
determination are described in the chapter 3. The shift factor for pH 6.5 dispersions is 
19.6 at 22 °C. Once the shift factor is determined, the φeff of a microgel dispersion can be 
calculated by multiplying k by c.  
Microscopy and Particle Tracking Analysis Details for particle tracking analysis 
are explained in the chapter 4 and 5. 
 
6.3 Results and Discussion 
Figure 6.3-1 shows DIC images obtained from microgel dispersions over a range 
of effective volume fractions. The images were taken 25 mm from the end of samples. 
The dispersions of effective volume fraction 0.66 and 0.59 exhibit an ordered structure 
and the dispersion at φeff = 0.56 shows a mixed phase. The crystal-to-fluid transition 
occurs at φeff =0.52 and microgel dispersions are disordered below φeff =0.50. It is not 
surprising that these dispersions have a similar crystal-to-fluid transition to hard spheres, 
since these dispersions do not have attractive interactions. The effective interaction 
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between ionic microgels at low ionic strength condition is known to be mainly repulsive 
due to the Coulombic interaction when the center-to-center distance is larger than size of 
particles.32, 39 When the center-to-center is shorter than the radius of the particles, ionic 
microgels repel very softly.32, 39 Since our microgels are dispersed in high ionic strength 
solution (100 mM), the Debye screening layer is thin (< ~3 nm). As a result, the 
electrostatic repulsion would not contribute significantly to the effective interaction. 
Also, this thin Debye screening layer would not contribute the effective volume fraction, 
so that the melting transition in this pH occurs similar effective volume fraction as a hard 
sphere system.  
The trajectories corresponding to the DIC images in figure 6.3-1 are presented in 
figure 6.3-2. The trajectories confirm that microgel dispersions have a crystalline phase at 
φeff=0.66 and 0.59, a mixed phase at φeff=0.56, and a fluid phase φeff=0.52 ~ 0.45 as shown 
in micrograph images. The trajectories show the diffusion of particles qualatatively. 
Figure 6.3-2(a)~(c) clearly represent that as the effective volume fraction decreases, the 
microgel diffusion increases. 
Figure 6.3-3 represents the radial distribution functions, g(r), of microgel 
dispersions. Radial distribution function of a well-ordered structure has distinctive and 
sharp peaks while a disordered phase shows very smooth peaks. As the effective volume 
fraction decreases, the structure of the samples change from an ordered (green and blue 
lines) to a mixed phase (purple line) and, finally, to a disordered structure (red, black and 
sky blue lines). Due to a disordered phase, φeff=0.45 show no distinctive peaks. As the 
effective volume fraction of φeff=0.50 and 0.52, peak height grows but still distinctive 
peaks are not seen. The microgel dispersion at φeff of 0.56 has smooth but distinctive 
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peaks at distance of ~ 1.9 µm and 2.2 µm. These smooth peaks indicate that the 
dispersion has some ordered structure which has shown in trajectories in figure 6.3-2(c). 
Well ordered arrays observed from φeff=0.66 and 0.59 give rise to sharp and distinctive 
peaks in the plot. The radial distributions of microgel dispersions support the phase 
transitions observed from micrograph images and trajectories. The table 6.3-1 represents 
the center-to-center distances (dc-c) calculated from the first peak of radial distribution 
function. The data show that as the effective volume decreases, dc-c increases. The dc-c 
calculated from ordered structures (φeff=0.66 and 0.59) is larger than the diameter (0.9 







Equation  6.3.1 DIC micrograph images of pNIPAm-co-AAc microgels (Rh = 450 nm at 
22 °C) dispersed in pH 6.5 buffer solution. The movies were recorded at 25 mm from the 
ends. (a) φeff=0.66, (b) φeff =0.59, (c) φeff =0.56, (d) φeff=0.52, (e) φeff=0.50, and (f) 




Equation  6.3.2 Particle trajectories of pNIPAm-co-AAc microgels (Rh = 450 nm at 22 °C) 
dispersed in pH 6.5 buffer solution. The movies were recorded at 25 mm from the ends. 
(a) φeff=0.66, (b) φeff =0.59, (c) φeff =0.56, (d) φeff=0.52, (e) φeff=0.50, and (f) φeff=0.45. 







Equation  6.3.3 The radial distribution function of the responsive microgel dispersions. 
The g(r) was calculated 25 mm from the ends. φeff=0.66 (green), φeff=0.59 (blue), φeff=0.56 




Table 6.3-1 The center-to-center distance (dc-c) calculated from g(r) 
φeff 0.66 0.59 0.56 0.52 0.50 0.45 






The evolution of microgel dispersions can be obtained in the MSD data. Figure 
6.3-3 shows the MSD vs. lag time plots of microgel dispersions of pH 6.5 at 25 mm from 
the ends. Unlike MSD evolution seen from pH 3.0 and 3.85 samples, pNIPAm-co-AAc 
microgels dispersed in pH 6.5 buffer solution do not show a significant decrease of 
diffusion. Instead, the diffusion constant of microgels increases over time. For some 
effective volume fractions seen in figure 6.4-3(c) and (d), the diffusion increases 
significantly. The increase of diffusion constant can be explained by the conformation 
changes of polymer chains on the microgel surfaces. At day 0, the charged polymer 
chains stretch due to the electrostatic repulsion between chains. These stretched polymer 
chains on the microgel surface would create the friction between particles during particle 
movements. This friction hinders microgel particles from moving freely. Over time, the 
stretched chains form coils to gain entropy. As a result, the friction between particles 
decreases and the diffusion of particles increases.  
Figure 6.3-4 shows the MSD vs. lag time plots of microgels dispersed in pH 6.5 
buffer solution at 12.5 mm from the ends of samples. The MSD data obtained from the 
two different spots show similar dynamics implying that the samples are spatially 
homogeneous. Due to the repulsive nature of interaction, one can imagine that the 
nucleation and crystal growth of charged microgels would be similar fashion as the 







Equation  6.3.4 The MSD evolution of microgel dispersions upon aging. The microgels 
are dispersed in pH 6.5 buffer solution. The movies were recorded at 25 mm from the 
end. (a) φeff=0.66, (b) φeff =0.59, (c) φeff =0.56, (d) φeff=0.52, (e) φeff=0.50, and (f) φeff=0.45. 
The trend lines have slope 1 and indicate free Brownian diffusion. 
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Equation  6.3.5 The MSD evolution of microgel dispersions upon aging. The microgels 
are dispersed in pH 6.5 buffer solution. The movies were recorded at 12.5 mm from the 
end. (a) φeff=0.66, (b) φeff =0.59, (c) φeff =0.56, (d) φeff=0.52, (e) φeff=0.50, and (f) φeff=0.45. 





In this chapter, the phase behavior and the dynamics of charged microgel 
dispersions have been described. Since the pNIPAm-co-AAc microgel is pH responsive, 
the charged microgel dispersions are easily obtained by simply redispersing the microgels 
in the pH =6.5 buffer solution. PCS data showed that microgels in pH 6.5 buffer is larger 
and have higher volume phase transition temperature implying the microgels are highly 
charged. 
DIC images show that the order-to-disorder transition is observed at φeff=0.52. 
This phase transition is similar to hard sphere systems. Here, the main interaction 
between microgel particles would be the repulsion. The trajectories show that the 
diffusion of particles increases as the effective volume fraction of microgel dispersions. 
The radial distribution function, g(r) confirms the phase transition seen in micrograph 
images and trajectories. MSD data revealed that the microgels dispersed in pH 6.5 buffer 
do not show a dramatic phase evolution or decreases of diffusion constant as seen in pH 
3.0 and pH 3.85 dispersions. Instead, the diffusion of charged microgels increases over 
time for some samples. We hypothesize that the stretched polymer chains form coils to 
gain entropy over time. This change reduces the friction between particles and increases 
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Microgel Mixture Dispersions 
 
 
A. 1 Introduction 
In this chapter, microgel mixture crystals prepared from microgels of different 
LCSTs and/or size will be discussed. Here, one microgel was added as a minor 
component (dopant) to another microgel dispersion. The original motivation of this 
experiment was to explore the melting behavior of doped microgel crystals in which the 
dopant had a lower LCST. It was hypothized that microgels with a lower LCST in a 
mixture would deswell first upon heating and would cause point defects, which may 
change the melting behavior of doped microgel crystals. Random copolymers of tert-
butyl acrylamide (TBA), NIPAm, AAc and BIS (pNIPAm-co-AAc-co-TBA : known 
from now on as TBA microgel) have shown tunable LCST depending on the amount of 
TBA.1 In this chapter, TBA microgels with LCSTs lower than 31 °C are doped into 
pNIPAm microgel dispersion so that TBA microgels shrink prior to pNIPAm microgels 
during heating to induce defects in the two-component crystal. Turbidity measurements 
by UV-VIS revealed that TBA doped pNIPAm microgel crystals do not show 
significantly different turbidity change as a function of temperature in comparison to 
pNIPAm crystals. To see how doped crystals behave during melting at the microscopic 
level, two-component crystals were observed under an optical microscope while the 
temperature of the sample was controlled using an objective heater as well as a 
temperature stage. After heating and cooling the TBA microgel doped pNIPAm crystals, 
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interesting particle distributions were observed. Larger TBA microgels rose to the top of 
the sample while smaller pNIPAm microgels sank to the bottom. In this chapter, this 
particle redistribution after the heating and cooling process and observation from other 
doped microgel systems will be discussed. 
 
A. 2 Experimental 
Particle Synthesis and Characterization. The TBA microgels were synthesized 
based on Debord’s paper.1 NIPAm (93-X mol%), AAc (5 mol%), BIS (2 mol%) and 0.01 
g of SDS were dissolved in 50 mL of water and the resulting solution was filtered 
through #2 Whatman paper filter to remove particulate matter. Tert-butylacrylamide 
(TBA, X mol %) was dissolved in 1 mL of ethanol before addition to the monomer 
solution, resulting in a total monomer concentration of 0.75 g/L (65 mM). The reaction 
mixture was heated to 55-60 °C under a stream of nitrogen over the course of 1 hour. 
Following the addition of APS (0.03 g), the polymerization was carried out at 55-60 °C 
for 3 h under a nitrogen atmosphere. In these studies, only 3 mol% TBA (X=3) was used. 
PNIPAm microgels composed of different amounts of cross-linker, and pNIPAm-co-AAc 
microgels were prepared in the same manner as papers published by our group.2, 3 The 3 
mol% TBA microgels (from now on TBA microgels) were purified by dialysis 
(Spectra/Por 7 dialysis membrane, MWCO 10,000, VWR) with daily changes of water 
for four days. PNIPAm and pNIPAM-co-AAc microgels were cleaned by centrifugation 
and redispersion. The size and thermoresponsive behavior of the pNIPAm and TBA 
microgels were confirmed by photon correlation spectroscopy (PCS, Protein Solutions 
Inc.) prior to their use in crystal preparation. The hydrodynamic radii (Rh) at pH 3.5 in 1 
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mM HCl solution at 25 °C of pNIPAm and TBA microgels are ~313 nm and ~506 nm, 
respectively. Figure A.2-1 shows the volume phase transition diagram for pNIPAm and 
TBA microgels. The LCSTs of pNIPAm and TBA microgels are ~31 °C and ~29 °C, 
respectively. As seen in figure A.2-1, the size of TBA microgels is larger than pNIPAm 
microgels at all temperatures. 
For some microgels, 0.01 mol % of 4-Aminofluorescein (AFA) was incorporated 
for observation under a fluorescence microscope. It has been shown that co-polymerizing 




Figure A.2-1 Volume phase transition diagram of 3 mol % TBA (○, open circle) and 





Different density microgels are prepared by using different amount of cross-
linking agent to prepare mixed colloidal dispersions. 2%, 5% and 7% BIS was 
incorporated and the microgels were synthesized by surfactant free precipitation 
polymerization as described in chapter 2. Surfactant free precipitation polymerization, in 
general, provides larger microgels. The Rh of 2%, 5% and 7% BIS incorporated pNIPAm 
at 24 °C in 1 mM HCl, pH 3.5 solution are 316 nm, 296 nm and 215 nm, respectively. 
Volume phase transition diagrams of 2%, 5% and 7% BIS incorporated pNIPAm are 




Figure A.2-2 Volume phase transition diagram of pNIPAm incorperated with (a) 2% BIS 
(○, open circle), (b) 2% BIS (□, open square), (c) 5% BIS (∆, open upper triangle), and 
(d) 7% BIS (◊, open diamond). All microgels are dispersed in 1 mM HCl solution. The 
pH of the dispersions is fixed 3.5.  
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Also, smaller 2% BIS microgels were synthesized by precipitation polymerization 
using a surfactant. Here, sodium dodecyl sulfate (SDS) was utilized during 
polymerization process to stabilize the particles resulting in smaller particles than 
surfactant free precipitation polymerization. The Rh at 24 °C in pH ~ 3.5, 1mM HCl 
solution is 167 nm and the volume phase transition diagram is presented in figure A.2-2. 
Green fluorescence labeled polystyrene (PS) latex particles, 0.51 µm and 1.0 µm, were 
purchased from Duke Scientific Corp.  
When two-component crystals were prepared, each set of microgels was 
centrifuged separately and then mixed. The two-component crystals were transferred into 
a 100 µm vitrotube as described in the experimental section of chapter 2. The two-
component crystals in the vitrotube were placed on the microscope and both the 
temperature stage and the objective heater were used to control the temperature of the 
sample. To see the melting behavior, the two-component crystals were heated until the 
sample became completely fluid. When the microgels were heated, the temperature was 
raised very slowly to avoid melting induced by thermal convection. The micrograph 
images were taken at least 20 minutes after the sample reached the desired temperature so 
that the phase observed is an equilibrium state. Once the microgel mixture melts 
completely, the temperature stage and the objective heater were cooled slowly. 
Microscopy and Temperature controlling. Differential interference contrast (DIC) 
images were taken with an Olympus IX-70 inverted microscope using standard DIC 
optics. An Olympus 100× oil immersion objective (UplanFl 1.30 NA) was utilized to 
acquire images. Micrograph images were taken using black and white CCD camera (The 
Cooke Co.). The temperature of samples was controlled using a microscope objective 
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heater (Bioptechs) and a Peltier temperature stage (Physitemp). To avoid thermal 
convection, the temperature was increased very slowly during heating. Laser scanning 
confocal microscopy was performed on a Leica instrument using the 488 nm excitation 
line from an Ar+ laser.  
 
A. 3 Results and Discussion 
Our approach for investigating the melting behavior of mixture crystals is to see 
the samples under a microscope after mixing two different microgels. Figure A.3-1 shows 
DIC images taken from TBA doped pNIPAm at 23 °C. As seen in figure A.3-1, pNIPAm 
microgels form ordered structure around TBA microgels resulting in a nice mixture 
crystal. It is amazing that much larger TBA microgels form ordered structures with 
pNIPAm microgels. One might hypothesize that TBA microgels are so soft that they can 
deform easily. To confirm that the brighter particles on DIC images are TBA particles, 
AFA incorporated TBA microgels (AFA-TBA microgels) were synthesized, and AFA-
TBA microgels doped pNIPAm microgel crystals were observed under fluorescence 
microscope and confocal laser scanning microscope (CLSM). Fluorescence microscope 
images (not shown here) reveal that TBA microgels are sitting among pNIPAm microgels 
separately and homogeneously. When the TBA doped crystals were heated, pNIPAm 
microgels became fluid at ~ 31 °C and the brightness of TBA microgels started getting 
darker ~ 33 °C. At 35 °C, the microgel mixture completely and homogeneously becomes 
fluid as seen Figure A.3-2. It is interesting that TBA microgels in the pNIPAm crystal 
change its optical properties at temperature higher than the LCST (~ 29 °C) measured by 
dynamic light scattering shown in figure A.3-2. 
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After the doped crystal melts, the temperature stage is cut off, and cools 
immediately while the temperature of objective heater decreases slowly, resulting in 
thermal gradient in z-direction. Figure A.3-3 shows the DIC images of the TBA doped 
pNIPAm microgel crystal after heating and cooling. Interestingly, TBA microgels rise to 
the top while pNIPAm microgels sink to the bottom. The opposite thermal gradient is 





Figure A.3-1 Micrograph image of TBA-pNIPAm mixture sample at 23 °C. (a), (b) and 
(c) are taken from bottom, middle and top of the sample, respectively. Scale bar =10 µm. 
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Figure A.3-2 Micrograph image of TBA-pNIPAm mixture sample at 35 °C. Doped 
microgel melts completely. (a), (b) and (c) are taken from bottom, middle and top of the 
sample, respectively. Scale bar =10 µm. 
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Figure A.3-3 Micrograph image of TBA-pNIPAm mixture sample after thermal gradient. 
(a), (b) and (c) are taken from bottom, middle and top of the sample, respectively. Scale 
bar =10 µm. 
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Figure A.3-4 shows the series of z-sectioning images taken from AFA-TBA 
doped pNIPAm microgel crystals after heating and cooling. The left, top image is 
obtained from the bottom of the doped microgel; the right, bottom image is taken from 
the top of the doped crystal. The distance between first and last image is ~ 64 µm. Thus, 
the distance between each image is ~ 2 µm. The series of z-sectioning images clearly 




Figure A.3-4 Series of optical sections obtained by confocal laser scanning microscopy of 
AFA-TBA doped pNIPAm microgel crystals. Bright green particles are from AFA-TBA 
microgels. The image size is 25 × 25 × ~64 µm3. 
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Figure A.3-5 The average brightness of each image vs. sectioning. 
 
 To show the AFA-TBA microgel distribution in a quantative way, average 
brightness of each sectioning is calculated by IDL analysis. The average brightness plot 
in figure A.3-5 again shows that the majority of TBA microgels are at the top. This result 
is reminiscent of Brazil nut effect observed from granular mixtures. There are reports of 
experiments on vertically shaken binary granular mixtures that separate into their 
components due to the external excitation. This well-known phenomenon, where large 
particles rise to the top of the mixture, is called the Brazil nut effect.4,5 For granular 
mixtures, vertical shaking or vibration are used as external excitations. One can think of 
the convection induced by thermal a gradient may contribute to the particle segregation. 
Here, the convection would push the larger TBA microgels upward, while the smaller 
pNIPAm microgels would fill the void volume underneath the TBA microgel. Since it is 
hard to determine the density and size of the TBA and pNIPAm microgels at the moment 
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when the particle segregation occurs, it is not safe to say that Brazil nut effect is the 
particle segregation mechanism observed here. 
Next, different microgel mixtures were prepared and tested to gain a better 
understanding of what causes the particle segregation shown in figure A.3-4. Table A.3-1 
summarizes the doped microgels and observation after heating and cooling.  
 
Table A.3-7. Doped microgel dispersions and the observation after heating and cooling 
Sample Dopant (diameter in nm) 
Major component 
 (diameter in nm) 
After heating and 
cooling 
1 3 mol% TBA (1.12 µm) 2% BIS pNIPAm (626) TBA rose to top 
2 2% BIS pNIPAm (632 nm) 2% BIS pNIPAm (334) No change 
3 5% BIS pNIPAm (592 nm) 2% BIS pNIPAm (334) No change 
4 PNIPAm-co-AAc* (636 nm) 2% BIS pNIPAm (626) No change 
5 PS (0.51 µm) 2% BIS pNIPAm (626) No change 
6 PS (1.0 µm) 2% BIS pNIPAm (626) PS sank to bottom 
* : Fluorescein amine was incorporated to this microgels by post polymerization. 
 
First, the same flavor of microgels with different densities and sizes are 
synthesized and a two-component sample was prepared in the same manner as TBA 
doped pNIPAm microgels dispersions. 632 nm 2% BIS pNIPAm doped 334 nm 2% BIS 
pNIPAm (sample # 2) and 5% BIS pNIPAm doped 2% BIS pNIPAm (sample #3) were 
prepared. Fluorescence micrograph images (not shown here) showed no particle 
segregation after heating and cooling. 
Second, AFA-pNIPAm-co-AAc doped pNIPAm microgel mixture (sample # 4) 
was tested. Here, AFA-pNIPAm-co-AAc microgels are larger and lighter than pNIPAm 
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microgels and the LCST is similar to TBA microgels. Here, it was not clear that particle 
segregation occurred after heating and cooling due to photo-bleaching. It seemed to me 
that there was no change after heating and cooling. 
Third, non-responsive colloidal, green fluorescence labeled polystyrene (PS), 
doped pNIPAm microgel crystals were tested. Very small amounts of 0.51 µm radius PS 
(sample # 5) and 1.0 µm radius PS (sample # 4) were mixed with the 626 nm radius 
pNIPAm microgels. Since these PS latex particles are fluorescence-labeled, it is easy to 
distinguish PS particles under a fluorescence microscope. DIC and fluorescence 
microscope images revealed that both PS doped pNIPAm form crystalline phase at room 
temperature and PS particles distribute homogeneously in the pNIPAm microgels. When 
the mixture was heated, both doped crystals completely turned to fluid phase at 31 °C due 
to deswelling of pNIPAm and the PS particles were floating in fluid phase pNIPAm 
microgel dispersion. After the crystals melted completely, the thermal gradient was 
applied and the doped crystals were observed under a microscope. Both DIC and 
fluorescence micrograph images revealed that the samples did not show change in 0.51 
µm PS particle distribution. However, for 1.0 µm PS doped pNIPAm, PS particles sank 
after applying the thermal gradient. This observation is reminiscent of those related to 
reverse Brazil nut problem.6-9 Here, when the density/radius ratio exceeds a certain level, 
larger and heavier particles sank. It is hard to know accurate the density of pNIPAm and 




In this chapter, 3% TBA microgel doped pNIPAm microgel crystal showed 
interesting microgel segregation after heating and cooling the sample. Larger and 
probably lighter TBA particles rose to the top after melting and recrystallization. The 
Brazil nut effect was proposed to explain the particle redistribution. To test the microgel 
segregation may be caused for the same mechanism as Brazil nut effect, doped microgels 
made from different size and/or density microgels were prepared and the same 
experiments were performed as TBA doped pNIPAm crystals. Larger pNIPAm doped 
pNIPAm microgel, pNIPAm-co-AAc doped pNIPAm microgel mixtures were prepared 
and tested. None of the binary mixtures showed change after heating and cooling the 
mixtures samples. PS doped pNIPAm crystals were prepared to perform the same 
experiments as TBA doped pNIPAm crystals. After heating and cooling, PS particles 
similar size to pNIPAm particles did not show segregation; and an experiment with larger 
PS particles where they sank to the bottom could be explained by reverse Brazil nut 
problem. 
At this point, it is not clear what causes TBA microgels to rise during cooling. To 
understand the microgel segregation mechanism, 1) density and size of microgels in 
dispersion at a specific temperature need to be calculated, 2) larger and heavier microgel 
doped crystals need to be tested. Here, the density to size ratio is under normal Brazil nut 
problem conditions.  
Besides the particle segregation, it is interesting that TBA microgel in TBA doped 
pNIPAm crystals changed its optical properties at higher temperature than TBA 
microgel’s LCST. Also, it seems to me that TBA doped pNIPAm crystals melt at higher 
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temperature than pure pNIPAm crystals or PS doped pNIPAm crystals. It would be 
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